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SUMMARY
The complex mechanisms by which turbulence is generated in the wake 
of non-connecting perpendicular cylinders and bars immersed in a 
uniform airflow have been investigated by undertaking a wind tunnel 
study. The effects, upon both the flow around each member in the 
configuration and the fluid motion in the near wake, of changes in 
the member spacing were assessed, and in this respect a critical 
separation distance has been identified.
It was found that the overall flow field created by the perpendicular 
geometry can be divided into an inner region of highly disturbed 
conditions and an outer region of quasi two-dimensional flow. The 
characteristics of the turbulent inner region were ascertained from 
comprehensive measurements of surface pressures, mean velocities, 
flow vorticity, and turbulence parameters including intensities, 
length scales, spectral energies and kinetic energies. The results 
revealed that, with regard to both section types, two fundamental 
regimes are possible, and that these are separated by a critical 
member spacing of three diameters/section depths. When the spacing 
is below this critical value the mechanism of turbulence generation 
is dominated by a pair of horseshoe vortices which develop around the 
centre of the downstream span. At the critical spacing, these 
horseshoe vortices are replaced by weaker longitudinal trailing 
vortices which persist over the range of spacings examined up to ten 
diameters/ section depths. Although the general characteristics of 
these mechanisms are similar in the case of both the perpendicular 
cylinders and perpendicular bars, the precise nature of each regime 
was found to be dependent upon section type.
In addition, during the course of this research it was necessary to 
design and construct electronic equipment incorporating a dual 
channel analogue to digital conversion process. This enabled the 
simultaneous acquisition of data from two hot-wire anemometers for 
the purpose of obtaining spatial correlation coefficients.
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CHAPTER ONE 
INTRODUCTION
1.1 General Introduction
Most fluid flows that occur in practical engineering problems are 
turbulent and therefore have velocity components composed of 
irregular fluctuations superimposed on a main stream. A fluid motion 
with these characteristics is created when a flow is forced to pass 
through a grid configuration composed of elements arranged in close 
proximity to each other. The flow field established by these 
obstructions is of a highly complex three-dimensional nature and has 
importance in a wide range of applications, for example:-
(i) the loading of individual members in a lattice structure 
subjected to a wind environment;
Unclad lattice frameworks such as aerial masts, tower cranes, 
high-rise scaffolding, and multiple layer geodetic structures 
under construction, are particularly vulnerable to the effects 
of high winds. To ensure the adequate and safe design of these 
types of structure it is essential to estimate accurately the 
maximum loads acting on the individual members when storm 
conditions prevail. In order to predict these wind loads a 
structural engineer working within Britain will consult a code 
of practice such as B.S.I. CP3: Chapter V: Part 2 - 1972. This 
provides pressure and force coefficients for a variety of 
standard building shapes, together with criteria for estimating 
the wind regime that might be expected to occur at the proposed 
site. In the case of unclad frameworks, force coefficients are 
presented which enable the engineer to calculate the loads 
acting on members of finite length when they are immersed in a 
uniform flow. However, within a complex lattice structure the 
effect of one member on another means that parts of each 
element may be subjected to flow patterns which are far from 
uniform. Consequently, the local wind loading of individual 
members can alter significantly from those determined by this 
method, and in severe cases a collapse similar to that shown' in 
Plate 1 may occur. To avoid such failures it is, therefore,
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necessary to examine the flow around the individual members in 
the framework, particularly in the region of maximum 
disturbance created by intersecting elements.
(ii) the efficiency of thermal cooling in a heat exchanger composed 
of tubes arranged as a series of grids;
Thermal cooling systems used in the power generation industry 
employ heat exchangers which are often composed of tube arrays 
arranged in various configurations to a flow of coolant. For 
instance, the tubes may be set in rows perpendicular or 
parallel to the direction of the freestream, or alternatively, 
as a series of grids with each element orientated at 90° to 
that preceding it. Since it is well known that the heat 
transfer process at the surface of each tube is dependent upon 
the fluid motion, the structure of the turbulence developed in 
these arrangements Is of considerable importance to the design 
and analysis of the associated thermo-hydraulic mechanisms. 
Several studies have examined this problem with regard to tubes 
set in rows normal to the approach flow, and many of these have 
been summarized in a review presented by Zdravkovich (1977). 
In this field fundamental work has been carried-out by Kostic 
and Oka (1972), which involved the use of two cylinders in 
tandem to simulate the heat transfer conditions within 
'in-line' tube banks. The complimentary case of rows aligned 
axially to the freestream is considered principally by Hooper 
and Rehme (1984), amongst others. However, there remains 
considerable scope for the investigation of the relationship 
between fluid flow and heat transfer with regard to grid 
configurations.
(iii) the generation of specific turbulence characteristics for wind 
tunnel studies;
In wind tunnel studies grids are often used to increase the 
mixing capacity of a flow, and to create large-scale velocity 
non-uniformities for the artificial simulation of boundary 
layer gradients. Hence, it is of importance to be able to 
predict both the characteristics of the induced turbulence, and 
the modification to the velocity distribution caused by a
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grid. Many researchers have attempted to achieve an 
understanding of the flow regimes associated with these 
configurations, and a review of their results was presented 
recently by Laws and Livesey (1978). These investigations 
concentrate on the effect of mesh geometry, size and solidity 
in the production of turbulence by this method, and the 
mechanism of generation is often represented as the coalescence 
of a number of jets emerging from each orifice in the grid, as 
in the work of Baines and Peterson (1951). Consequently, 
little attention has been given to the contribution made to the 
turbulence field by the individual nodal points which make up 
the whole grid.
The single grid or framework node can be considered in its simplest 
form as two members perpendicular to each other in the geometry of a 
cross. Such a configuration in itself produces a flow field which, 
at the present, is not amenable to a detailed theoretical analysis 
and, consequently, the main approach to this problem involves the use 
of experimental techniques. However, due to the highly complex 
nature of the fluid motion and the difficulty in measuring the
associated parameters, very few studies have been carried-out in this 
area. Amongst these are a number of investigations undertaken to
examine the flow phenomena produced by perpendicular members that 
intersect in a single plane. In this respect, Osaka et al (1983a, 
b, c) and Zdravkovich (1985) have considered such a geometry composed 
of circular cylinders, and Donoso (1980) the case of sharp-edged flat 
plates normal to the freestream. Zdravkovich (1983) has also 
determined limited details of the interference to flow caused by two 
circular cylinders placed one behind the other to form a cross with 
the members in contact at the centre.
It is clearly evident that a considerable amount of fundamental
research needs to be undertaken with regard to the flow of fluid
around perpendicular members, and it is intended that the present 
work will be a contribution to this field. In this respect, it both 
corroborates the work of previous authors, and examines the flow 
around non-connecting elements which are displaced relative to each 
other in the direction of the freestream. The next section of this 
chapter provides details of the scope of the investigation, whilst 
the final section describes the format of this thesis.
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The investigation presented in this thesis involved a wind tunnel 
study into the flow around models of perpendicular configurations 
immersed in a uniform airflow. These were composed of either two 
circular cylinders or two square bars, both of which represent 
section types commonly used in the practical applications of this 
geometry. The experiments were designed to consider the effect upon 
the flow regime of the distance separating the two members, with 
particular emphasis on the fluid behaviour at the centre of each 
model. In this respect, the aspects of the flow field studied in the 
present work were the flow conditions at the surface of the 
individual members, the fluid motion in the gap created at the node 
by the spacing of the members, and the near wake regime within five 
diameters of the central axis of the downstream span. To achieve 
this, measurements were made of surface pressures and fluid 
velocities, and from these the following parameters were calculated; 
mean surface pressure coefficients, drag coefficients, mean 
velocities, turbulence intensities and kinetic energies, 
autocorrelation coefficients and spectral energies, spatial 
correlation coefficients and turbulence length scales, and mean flow 
vorticity.
Due to the fundamental nature of the present work, no attempt has 
been made to determine the Reynolds number dependency of the 
phenomena identified in the study. Nevertheless, the experiments 
were undertaken at a Reynolds number of Re = 2 x 101*, based on the 
diameter/section depth of the members and the freestream velocity 
(Section 3.3), which is in the upper subcritical range. The latter 
is a region of constant phenomena in the case of both cylinders and 
bars, as described in Section 2.2. and is often found to be of 
practical significance.
In the previous section it was suggested that one of the main reasons 
why an extensive study of the flow around perpendicular geometries 
has not been attempted in the past is due to the complexity of the 
fluid motion. This makes it difficult to measure the dynamic 
quantities of the flow, both in terms of the accuracy of the data, 
and the time taken to perform the experiments. The advent in recent 
years of sophisticated instrumentation, such as the pulsed-wire
1.2 Scope of the Present Work
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anemometer, and the development of computer based data acquisition 
and analysis systems has enabled the current study to be achieved. 
However, the problem of discerning the precise nature of the 
mechanisms from the results remains and, since there is an absence of 
existing data for the purpose of comparison, this study must be 
regarded as a foundation for future work.
The final section of this introduction describes the general layout 
of the thesis and briefly mentions the main topics discussed in each 
chapter.
1.3 Organisation of the Thesis
The next chapter of this thesis, Chapter Two, reviews the existing 
literature relevant to the present work. It begins with an account 
of the fundamental flow characteristics produced by circular 
cylinders and square bars when they are immersed in a uniform 
approach flow. In addition, since the perpendicular geometries 
examined in this study are regarded as being composed of infinitely 
long members, the use of end plates to two-dimensionalize the flow 
conditions around elements of finite length is described. This is 
followed by a description of the previous studies into the surface 
flow and wake regimes associated with cross configurations composed 
of elements that intersect in a single plane, or form a point of 
contact at the centre of each span. Due to the absence of a study in 
this field relating to the use of a square section type, it was 
considered necessary to include literature which deals with the case 
of perpendicular sharp-edged flat plates. Finally, since previous 
attention has not been given to the fluid motion in the gap formed at 
the centre of perpendicular non-connecting members, details of the 
flow between two cylinders arranged in tandem are given for the 
purpose of analogy.
Chapter Three provides details of the apparatus and techniques used 
in the experiments of the present work, which involved the 
measurement of surface pressures, fluid velocities, end turbulence 
parameters. A description is given of the wind tunnel facility in 
the Civil Engineering Department, and of the models used to form the 
perpendicular geometries. These included configurations with members
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intersecting in a single plane, and others in which the elements 
could be displaced in the direction of the freestream flow. The 
microcomputer based data acquisition system is described, together 
with the principal instrumentation used for the measurement of each 
specific quantity examined in the present work.
Fundamental to the data acquisition systems is the use of electronic 
interface equipment incorporating an analogue to digital converter. 
The development of such a device was undertaken during the course of 
this research to enable the simultaneous collection of two channels 
of data by the computer for use in the spatial correlation work. A 
discussion of the design and construction of this unit is therefore 
given in Chapter Three, together with details of the associated 
software written for the microcomputer.
Chapter Four describes the preliminary study, which involved the 
measurement of mean pressure distributions on the surface of models 
composed of either two cylinders, or two bars, arranged 
perpendicularly with both members intersecting in a single plane, or 
with both members displaced to form a point of contact at the 
centre. The results of these tests enabled an assessment to be made 
of the general characteristics of the flow regime at the surface of 
the individual members in each configuration and, as such, they 
corroborate the findings of previous researchers. In addition, an 
initial investigation was carried-out, as part of the preliminary 
work, to determine the effect of end plates on the flow conditions 
around a single member.
The main experimental study examining the flow around non-connecting 
perpendicular members displaced relative to each other is presented 
in Chapter Five. This investigation considered the effect of member 
spacing upon the complex mechanisms of turbulence generation 
associated with the configuration, particularly at the centre of the 
geometry, when immersed in a uniform airflow.
Finally, the main conclusions arising from the results of the 
research are discussed in Chapter Six, which also gives suggestions 
for further work in this field.
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1.4 Summary
In this chapter it has been noted that, although the flow around 
perpendicular configurations is of interest in many branches of 
engineering, very few workers have attempted such a study. In 
addition, the scope of the present work, in which some aspects of 
this problem were examined, has been described. Finally, the 
organisation of this thesis has been outlined, together with brief 
details of the main topics covered by each chapter.
The next chapter discusses the existing literature relevant to the 
present work.
CHAPTER TWO
LITERATURE SURVEY
2.1 Introduction
In engineering problems involving the flow around bluff bodies it is 
often necessary to undertake experimental investigations in which 
fluid phenomena are identified. The results of such studies may be 
used to either supplement those of a numerical analysis, or to 
provide data where a mathematical model is not possible due to the 
complexity of the flow regime. The placing of perpendicular elements 
into a uniform airstream creates a three-dimensional disturbance to 
the flow conditions which is of a nature not amenable to present 
numerical techniques. Our knowledge of the associated fluid motion 
is, therefore, dependent upon experiments of the type carried out in 
the current work.
In order to achieve an understanding of the results of such 
experiments it is often useful to refer to the flow characteristics 
of each element in the configuration. Consideration of these enables 
identification of similar, fundamental phenomena where they occur in 
the geometry, and provides essential clues to the mechanisms in more 
complex behaviour. The first section of this review therefore 
examines several relevant aspects of the flow around isolated 
circular cylinders and square bars.
When undertaking wind tunnel studies which consider geometries 
composed of infinitely long members, it is essential to simulate the 
associated two-dimensional flow conditions in the single element case 
before forming the geometry. Models that are nominally two- 
dimensional span the full working section and are subject to 
significant interference effects arising from interaction of the body 
with boundary layers established on the walls of the tunnel. To 
isolate these three-dimensional disturbances end plates are often 
employed, and the use of this technique is examined in a section of 
the review.
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Although the perpendicular configuration has relevance in many 
practical engineering applications, the complexity of the associated 
fluid behaviour has prevented detailed examination of this geometry 
in the past. However, with the development in recent years of 
advanced, computer-based measurement techniques, such as those 
utilizing the pulsed-wire and laser doppler anemometers, research in 
this type of highly turbulent flow field has become possible. A 
small number of workers have, therefore, examined the surface and 
wake regimes associated with elements that intersect in the same 
plane. These studies are discussed in this review, together with 
some limited information regarding the flow around similar 
configurations composed of elements forming a point of contact at the 
centre of the geometry.
Previous workers have not, however, given consideration to the 
disturbance to flow caused by perpendicular elements displaced 
relative to each other. The introduction of a separation distance is 
expected to complicate the fluid motion at the surface of each 
member and within the wake region. In addition, the flow regime 
established in the gap formed at the centre of the geometry requires 
investigation, the resulting configuration being essentially that of 
one body in the wake of another. Studies in this area are limited to 
axisymmetric flows of the type found with disc arrangements, and 
flows between parallel cylinders in tandem. These are therefore 
examined in the final section of the review.
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2.2 Cylinders and Bars Immersed In Uniform Flow
2.2.1 Introduction
When analysing the flow regimes created by the perpendicular 
geometry, it is useful to refer to the fundamental flow
characterisics of each element in the configuration. This section of 
the review therefore considers relevant aspects of the flow around
single, two-dimensional circular cylinders and square bars immersed 
in a uniform airstream.
2.2.2 Circular Cylinders
The various flow phenomena associated with the circular cylinder have 
been examined extensively in the past as a result of the common 
occurrence of this particular type of bluff body in engineering
problems. Several authors have summarized many of the principal
investigations in the form of reviews, and these have been presented 
by Morkovin (1964), Berger and Wille (1972), Farell (1981), and 
Fleishmann and Sal let (1981), amongst others.
An important feature that emerges from such reviews is the dependence 
of the flow regime around a smooth, two-dimensional cylinder upon the 
Reynolds number, based on cylinder diameter. This relationship has 
been found to effect the fluid motion within the boundary layers on 
the cylinder's surface, and the mechanisms occurring in the wake 
region. Such changes are reflected in the drag coefficient, Cg of 
the body, and the variation of this quantity over the Reynolds number 
range; l& < Re < 107 , is illustrated below:-
Subcritical Critical Supercritical Transcritical■<------------------------ ------- H H---------------------------H---------------- ►
Reynolds Number ,R e
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Roshko (1961) and Achenbach (1968) identified the existence of four
different flow regimes; subcritical, critical, supercritical, and
transcritical, which occur relative to the minimum value of Cp at 
Re ~ 5x10s . Of particular interest to the current study is the
upper subcritical regime; 104 < Re < 105 , in which the drag
coefficient of a cylinder is constant at Cq = 1.2, and the flow 
conditions in the wake are stable. Within this Reynolds number
range, separation of the surface boundary layer is laminar and occurs 
on the front face of the cylinder at an angle of about 0=80°, as 
shown in the sketch below:-
Separation Point 
Laminar Boundary Layer
■ >
Free Shear Layer
Post-separation, the boundary layer becomes a free shear layer, and 
its inner edge rolls-up to form vortices in the wake of the body 
through the mechanisms described by Gerrard (1966). This process 
occurs alternatively on each side of the cylinder with the result 
that vortices are shed in a periodic manner. In the upper 
subcritical range, the frequency of shedding is almost constant and 
the corresponding Strouhal number remains at approximately St « 0.21. 
Once shed, these vortices form a turbulent wake composed of a vortex 
street of the type identified in the work of Von Karman (1912), a 
feature which is sustained through an entrainment mechanism 
investigated in dye.experiments by Perry et al (1982).
Since the subcritical separation is laminar, transition to turbulence 
occurs within the free shear layers during vortex formation. 
However, with increasing Reynolds number in this range, transition in 
the wake moves towards the cylinder, Bloor (1964), and separation of 
the laminar boundary layer moves forward on the surface. Eventually, 
at a Reynolds number of approximately 1.5xl05 , transition occurs at 
the surface with the formation of 1aminar-separation/turbulent-
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reattachment bubbles, Achenbach (1968), Bearman (1969), and this 
results in later, turbulent separation as shown in the sketch below. 
The suction on the rear of the cylinder is reduced by the subsequent 
narrowing of the wake, and a rapid reduction in the drag coefficient 
to about 0.25 is recorded for a Reynolds number of 5x10s . At this 
point, the flow conditions are those of the critical regime 
identified in the work of Achenbach (1968).
Reattachment Bubble 
Laminar Boundary Layer
Turbulent Separation
Reduced Suction
Narrower Wake 
Highly Turbulent
A similar movement of the transition point can also be achieved at a 
fixed Reynolds number in the subcritical range by the introduction of 
turbulence to the approach flow, E.S.D.U. 80025 (1980). This is a 
phenomena which has relevance to the perpendicular configurations in 
which the second, downstream cylinder, is subjected to the turbulent 
wake of the upstream element.
From the results obtained in experiments performed by Fage and 
Warsap (1929), it was suggested that the addition of turbulence acts 
through the surface boundary layers on a cylinder to produce a change 
in the effective value of the Reynolds number. This concept was 
considered theoretically by Taylor (1936) in calculations which show 
that the drag of bodies of revolution is affected by both the 
intensity and scale of approach flow turbulence. Many subsequent 
investigations, including those of Bearman (1968). Ko and Graf 
(1972), and Surry (1972), have confirmed this phenomenon.
The work of Surry (1972) involved an extensive examination of the 
effects of high intensity, large-scale turbulence on the flow regime 
of a cylinder at subcritical Reynolds numbers. Various grids were
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employed to generate a range of homogeneous turbulence fields with 
length scales of 0.36 to 4.4 diameters, and intensities in excess of 
10%. In all cases, measurements of mean drag coefficients and vortex 
shedding frequencies were found to be consistent with an effective 
increase in Reynolds number, the exact nature of the change being 
dependent upon both intensity and scale. In addition, the values of 
C[) appeared to be logically ordered relative to Taylor's turbulence 
parameter, a relationship which has been considered in detail by 
Kiya et al (1982), with regard to the definition of a critical 
Reynolds number based on turbulence characteristics.
These turbulence induced changes in the effective Reynolds number, 
with their associated movement of the transition point, also alter 
the heat transfer capability of the airflow around a cylinder. This 
is a phenomena of importance in the current study when the 
perpendicular configuration is viewed in the context of a heat 
exchange device composed of tubes orientated at 90° to each other.
Kestin (1966) suggests a number of ways in which the process of heat 
convection from the surface of a cylinder is affected by changes in 
the flow regime. With increasing turbulence in the approach flow, 
there is a corresponding increase in heat transfer within the laminar 
boundary layer. The introduction of a turbulent boundary layer to 
the surface further increases the heat transfer capability of the 
fluid, and extends the attached flow region by a movement downstream 
of the separation point. Although the recirculation region is also 
affected by these changes, its contribution to heat transfer from the 
surface has been found to be less significant than that associated 
with the boundary layers, Richardson (1963).
The overall effects of such a process have been observed by many 
researchers in the past, including Reiher (1925), Goukman 
et al (1934) and Comings et al (1948). In the early experiments 
performed by Reiher (1925), it was revealed that a 50% increase in 
heat transfer can be achieved from the surface of a cylinder by 
mounting a grid upstream of the model. Goukman et al (1934) 
confirmed this effect, and determined a 25-30% increase by placing 
two parallel cylinders, slightly apart, in front of another heated
- 14 -
cylinder. However, it was Comings et al (1948), who undertook the 
first extensive investigation into the precise nature of this 
effect. In these experiments several heated cylinders were used to 
provide a Reynolds number range of 400 < Re < 2xl04 , and a 
turbulence intensity variation of 1% to 20% was generated by a 
selection of grids. The results indicated that, for a fixed Reynolds 
number, an increase in the turbulence intensity in the approach flow 
produces a corresponding increase in net heat transfer as recorded by 
changes in the Nusselt number, Nu of the cylinder. The latter is a 
parameter defined as Nu = a^D/Xf, where is the heat flux 
at the surface divided by the temperature differential between the 
surface and the freestream, D is the diameter of the cylinder, and 
X f is the heat conductivity coefficient of the freestream. This 
increase was not, however, linear or constant, and was found to be 
dependent to some extent upon the Reynolds number based on cylinder 
di ameter.
Although these, and other early experiments indicated similar trends, 
examination of the exact numerical results reveals a significant 
discrepancy in the exact relationship between heat transfer rates, 
Reynolds number, and turbulence intensity. These differences have 
been attributed to the fact that no consideration was given to the 
effect of turbulence length scale. This was a problem recognised by 
Van der Hegge Zijnen (1958), who carried out an extensive study to 
provide more accurate data in which all three parameters were 
included. In these experiments the Reynolds number range was 
subcritical, and the turbulence intensity was varied between 2% and 
13%, with 0.31 to 2.4 diameters integral length scales. The results 
indicated that the heat transfer rate of a cylinder, in terms of the 
Nusselt number, is related to all three parameters through the 
relationship:-
Nu* = [1 + ( T x  *)]
where Nu* is the ratio between the Nusselt number of a cylinder in 
turbulent flow and the Nusselt number in laminar flow, T has an 
empirical value which is related to Reynolds number and turbulence 
intensity through graphical results presented by Van der Hegge Zijnen 
(1958), and ij; is related to turbulence length scale in a similar 
manner.
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However, in general terms, the turbulence intensity in the approach 
flow was found to be more effective in increasing the heat transfer 
if it had a length scale of a similar order to that of the cylinder's 
diameter. The whole effect being greater at larger Reynolds number 
and with more intense turbulence.
Finally, many of the phenomena described in this section of the 
review have been identified in wind tunnel simulations of 
two-dimensional flows. When undertaking such studies, or comparing 
the results of previous tests, it is necessary to be aware of the 
effects of wall confinement, otherwise known as blockage, 
E.S.D.U. 80024 (1980). A comprehensive investigation of this problem 
in the upper subcritical regime has been carried out recently by Modi 
and El-Sherbiny (1975), through experiments involving eight 
stationary cylinders of various sizes to represent blockage ratios in 
the range 3.15% to 38%. The results indicated that the base pressure 
recorded on the cylinder decreases with increasing bluffness, and a 
corresponding increase in the drag coefficient was measured to a 
maximum of 120% at the centre of the span. This effect obviously has 
importance when attempting comparisons between several separate 
studies, especially if the cylinder size has been varied to achieve a 
Reynolds number range.
The fluid mechanisms associated with the problem of blockage are 
discussed in E.S.D.U. 80024 (1980), which also provides mathematical 
methods for correcting experimentally obtained data. The simplest of 
these is based upon a solution proposed by Maskell (1965), later 
extended by Cowdrey (1968), for the correction of mean forces and 
pressure measurements on simple bluff body shapes in a blockage 
range of 1% to 15%. However, the accuracy of such formulae diminish 
with increasing blockage, Modi and El-Sherbiny (1975) finding 
significant errors for values greater than 9%.
2.2.3 Square Bars
In the previous sub-section the relevant flow phenomena associated 
with a circular cylinder have been reviewed. Consideration is now 
given to the second element type to be examined in the current study, 
that of the square bar. It is only comparatively recently that
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researchers have begun to investigate the flow characteristics of 
this geometry, possibly because it has only had a limited practical 
application in the past. However, the growing concern about the 
behaviour of structural sections, in terms of both building 
aerodynamics and offshore marine environments, has resulted in a 
recent requirement for investigation.
If a two-dimensional square bar is immersed in a uniform airflow, the 
sharp leading edges of the body result in a fixed separation point 
and stable vortex shedding, Laneville and Yong (1983), as shown in 
the sketch below:
Separation Bubble 
Fixed Separation Point \
r
— >
Turbulent Wake
Vortex Formation
3
These flow conditions ensure-that many of the characteristics of this 
section type do not exhibit the high dependence upon Reynolds number 
associated with curved bodies. Indeed, when the leading face of a 
square bar is normal to the approach flow, the value of the 
coefficient of drag has been measured as constant at about 
Cq - 2.16 for the Reynolds number range of interest to the current 
study; 101* < Re < 106 , E.S.D.U. 71016 (1971). However, a variation 
in this fundamental quantity has been found to occur if the section 
is rotated about its central axis. For instance, Delaney and 
Sorenson (1953) identified a continuous variation of drag when the 
angle of flow incidence was increased from a°=0° to a0 =45°, and 
further measurements by Cowdrey and Lawes (1959) revealed a sharp 
minimum in Cg between a0=13° and 14°. Many subsequent authors have 
examined this angle related variation and their results are summa­
rized in the sketch below, which is taken from E.S.D.U. 71016 (1971).
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Examination of the mean and fluctuating pressures associated with 
this variation, Lee (1975), has enabled an explanation of the
mechanisms involved. With increasing angle of incidence from a0 =0°, 
the free shear layers separating at the leading edges are forced by 
the approach flow to impinge upon the upper and lower surfaces of the 
section. This causes a progressive downstream movement of the vortex 
formation region in the wake of the body, a phenomena which results 
in a decrease in suction at the rear of the bar, Bearman (1965) and 
Bearman and Trueman (1972). Since the upstream face pressures are 
unaffected by these post-separation changes in the flow regime, there 
is a consequent decrease in the drag coefficient of the section. At 
the critical angle identified by Cowdrey and Lawes (1959), the shear 
layers reattach on the side faces of the bar to give the minimum 
value of Cp recorded in the sketch above. Further rotation causes
these reattachment points to migrate upstream, Pocha (1971), with the
result that new shear layers separate at the rear edges to produce 
the increase in drag for a0 >14°.
A similar mechanism has been identified as being responsible for the 
change in mean drag that occurs when turbulence is introduced into 
the approach flow, a reduction of 25%-30% having been recorded by 
Vickery (1966) for a turbulence intensity of 10%. In this respect,
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Lee (1975) proposed that the external turbulence forces the free 
shear layers to thicken by entrainment of fluid from the 
recirculation zone. When this entrainment becomes very large, the 
inner surface of each shear layer reattaches on the sides of the 
section as shown in the sketch below:
Reattachment Bubble 
Fixed Separation
\
Turbulent
Flow
— >
Second Separation
Reduced Suction
Narrower Wake 
Highly Turbulent
As a result of this reattachment, two new shear layers separate from 
the rear edges of the body and produce a narrower wake than that 
found in laminar flow conditions. This leads to the reduction in 
drag recorded by Vickery (1966), the lowest value determined by 
Lee (1975) being Co=1.54 at a maximum turbulence intensity of 
12.5%. In addition, Vickery (1966) found that the magnitude of the 
fluctuating forces are also markedly influenced by the presence of
large scale turbulence in the airstream, a reduction of about 50% in
the lift component occurring for an intensity of 10%.
Experiments performed by McLaren et al (1969) using three models of 
different diameters at a Reynolds number range; 10^ < Re < 105 , 
suggested that the effects of turbulence are dependent to some degree 
upon the size of the square bar relative to the turbulence scale. 
This relationship was examined in detail in a recent study by Huot et 
al (1986), involving measurements of the mean and fluctuating
pressure field over a turbulence intensity range of 3% to 17.5%, with 
scales of 0.1 to 2.0 diameters. The results confirmed those of Lee 
(1975), in particular the influence of the turbulence intensity upon 
the behaviour of the separated free shear layers, and the mechanism
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of vortex shedding in the wake. However, the influence of scale was 
found to be minor, and the results indicated that it has no effect 
upon the entrainment process, a similar conclusion to that of Hillier 
and Cherry (1981).
In addition to examining surface pressure quantities, 
Huot et al (1986) also considered the effect of turbulence upon the 
vortex shedding characteristics through measurements of the Strouhal 
number. In earlier work by Bearman and Trueman (1972), it was 
established that the Strouhal number of a square prism at a Reynolds 
number in the range; 2x10^ < Re < 7xl04 , is approximately constant 
at St=0.125. Huot et al (1986) found that this value was increased 
for high turbulence intensities to St - 0.135. A result that 
reflects the separation of the free shear layers at the rear of the 
prism, and the consequent effects upon vortex shedding in the wake.
As with wind tunnel tests involving circular cylinders,
Section 2.2.2, experiments on square bars are also susceptible to 
blockage effects, and corrections should therefore be applied in
accordance with E.S.D.U. 80024 (1980). However, a further
complication to the analysis of experimental data, which was not 
considered in the previous section, is that of non two-dimensional 
flow conditions across the wake of the model. A problem clearly 
identified in base pressure distributions recorded by Bearman (1965), 
Pocha (1971), Bearman and Trueman (1972), and Obasaju (1977), the
latter being illustrated in the sketch below.
Cpb
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The sketch on the previous page shows the spanwise distribution of 
base pressure recorded on the rear of a square bar in experiments 
undertaken by Obasaju (1977). This illustrates the pressure gradient 
that arises axially along the rear of the bar as a result of the 
interaction of the model with boundary layers established on the 
walls of the wind tunnel. A maximum base pressure occurs at the 
centre of the span with a value which is dependent upon the blockage 
ratio. This pressure differential is the result of a spanwise 
movement of air in the immediate wake of the bar which destroys the 
otherwise two-dimensional flow conditions, the latter being indicated 
by a constant spanwise distribution of base pressure.
A number of previous researchers have suggested that these 
interference effects can be isolated by the use of end plates, and 
this technique is discussed in the next section of the review.
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2.3 The Use of End Plates to Produce Two-Dimensional Flow
Section 2.2.3 has reviewed literature which suggests that the flow 
conditions around a nominally two-dimensional model are subject to 
interferences arising at the walls of a wind tunnel. The effects of 
these disturbances are particularly important in experiments which 
attempt to identify fundamental wake characteristics, such as the 
behaviour of free shear layers, or movements of the vortex formation 
region. In these types of investigation, of which the current study 
is one, it is necessary to simulate as accurately as possible the 
flow regimes associated with infinitely long elements which are, by 
definition, two-dimensional.
It is now commonly accepted that end plates should be employed to 
artificially produce such two-dimensional flow conditions when tests 
are being undertaken in a uniform airflow. This technique attempts 
to isolate the three-dimensional disturbance at each end of the model 
in order to eliminate cross-flow along the rear surface. However, 
although the use of end plates for this purpose is generally 
advocated, it is difficult to find exacting criteria with regard to 
their design.
It is clear from previous work that to be effective in two- 
dimensional izing flow conditions each plate must have dimensions 
above a critical minimum, E.S.D.U. 80024 (1980). The latter
specifies these dimensions as 3D downstream, X /2D upstream, and a 
width of 2D, where D is the projected body width normal to the flow 
as shown below:
FLOW
■> 2D
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This critical size of plate was originally determined in experiments 
by Cowdrey (1962). In these it was found that the plate has to be 
sufficiently large to contain the recirculation "cavity" in the near 
wake of the body, thus separating completely the region of disturbed 
airflow outboard of the plates from the two-dimensional conditions 
within. Providing each plate satisfies this criteria, there being no 
intermediate stage of reduced effectiveness, the use of this 
technique produces a constant spanwise base pressure distribution as 
observed in experiments by Bearman (1965) and Stansby (1974). This 
result is generally regarded as indicative of two-dimensional flow 
conditions. Any further extension of the size of the plates above 
this critical minimum appears to have no effect upon the surface 
pressures, Obasaju (1979).
However, in the work carried out by Stansby (1974) into the use of 
end plates with circular cylinders in the subcritical Reynolds number 
range, it was noted that although a constant distribution of base 
pressure is achieved over much of the span when plates of the correct 
size are used, end effects are still evident near the plates 
themselves. In this region, the shedding frequency has been recorded 
as 10%~15% less, in terms of Strouhal number, than that observed over 
the unaffected length of the cylinder, Gerich and Eckelmann (1982). 
The exact size of the effected area appears to be dependent upon the 
cylinder's diameter and the spacing of the plates.
The effect of the aspect ratio (span between plates/ model diameter) 
upon the base pressure distribution has not been given detailed 
consideration, although its importance regarding other parameters is 
well known. Force measurements by Keefe (1961) using a circular 
cylinder fitted with end plates revealed that as the aspect ratio is 
decreased in the range 6:1 to 3:1, a sudden rise in r.m.s. lift 
coefficient occurs. This effect was attributed to a "locking" of the 
flow into two-dimensional conditions, a phenomena also associated 
with other section types, Graham (1969) and Donoso (1980).In the case 
of a sharp-edged flat plate normal to the flow, which also has fixed 
separation points, measurements of vortex shedding by Donoso (1980) 
revealed a maximum critical value of aspect ratio below which high 
transverse correlations of velocity fluctuations exist. A result 
indicating that end plates are capable of enhancing vortex
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shedding when "locking-on" occurs. Conversely, a breakdown of flow 
was found to take place when the aspect ratio is small. Keefe (1961) 
recorded a critical value of 3:1 in this respect for the circular
cylinder, and Donoso (1980) 5:1 in the case of the flat plate.
It is evident from the literature reviewed in this section that the
exact nature of the effects upon the flow regime of the use of end
plates is unclear. The available data is extremely limited and does 
not provide sufficient information with regard to the effect of 
aspect ratio upon the spanwise distribution of base pressure. 
Consequently, to investigate this relationship further, the 
experiments described in Section 4.2 were devised as part of the 
preliminary study.
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2.4 Flows Around Bluff Bodies Arranged in a Perpendicular
Configuration
2.4.1 Introduction
The fundamental flow phenomena associated with the section geometries 
used in the current study have been reviewed in Section 2.2, and the 
use of end plates to two-dimensionalize these flow conditions was 
considered in Section 2.3. The following section now examines the 
complex interaction of two elements when placed perpendicular to each 
other in the geometry of a cross.
Although a comprehensive study of a cross composed of displaced 
perpendicular members does not exist, a small number of 
investigations have been reported dealing with elements either 
intersecting in the same plane, or in contact at the centre of the 
geometry. These are reviewed in the following sub-sections with 
regard to circular cylinders and flat plates, the latter being
described as an example of a sharp-edged body since there is no study 
which relates to the use of square bars.
2.4.2 Circular Cylinders
A number of experimental investigations have been undertaken recently 
which examine the flow regime created by perpendicular cylinders 
intersecting in a cross. The turbulent far wake of such a
configuration has been examined in detail by Osaka et al
(1983 a, b, c), whilst the surface flow has been dealt with by 
Zdravkovich (1985).
In the experiments of Osaka et al (1983 a, b, c), each cylinder
completely spanned the working section of a wind tunnel to produce a 
model of a cross with a low blockage ratio of 2.5%. Extensive 
measurements were made of velocity and turbulence quantities over a 
number of Y-Z planes at downstream stations in the range 
15 < X/D < 475, where X is the streamwise co-ordinate and D is the 
diameter of the cylinder. The Reynolds number, based on the diameter 
of a single cylinder in the uniform approach flow, was subcritical at 
8xl03 . From velocity contour distributions presented at various 
positions in the wake it is clear that the geometry of the cross
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dominates the flow field, even at large distances downstream. The 
sketch below illustrates the situation at X/D=30.5 (from 
Osaka (1983a)).
At spanwise locations away from the centre, along each arm of the 
cross, the flow conditions appear to be quasi two-dimensional. 
Indeed, the periodic fluctuating velocities associated with a single 
cylinder's wake have been found in autocorrelation measurements made 
at Z/D=3, Osaka et al (1983c). However, such fluctuations were not 
evident at the centre of the cross, where the three-dimensional 
interaction of these wakes creates a considerable disturbance. In 
this region the velocity contours are distorted towards the 
intersection along the Y=Z plane, a feature which suggests the 
presence of a strong secondary circulation of flow. Indeed, two 
vortices were found in each quadrant with circulations that turn 
inwards on the bisector as illustrated in the sketch below (from 
Osaka et al (1983a)).
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These secondary circulations, determined by velocity vector 
measurements and confirmed in crude vorticity experiments using a 
windmill, Osaka et al (1983a), have also been identified at the 
surface of an intersecting cross studied by Zdravkovich (1985). 
Although the latter investigation was undertaken with a blockage of 
22% in the upper subcritical Reynolds number regime, the results do 
appear to be compatible.
Zdravkovich (1985) used an oil film visualization technique and 
produced photographs of the surface flow regime on each arm of the 
cross. These indicated the existence of secondary circulations with 
rotation similar to that shown in the sketch on the previous page, 
vigorous swirling around centres of accumulated powder inferring the 
presence of vortices which are symmetrical on each arm. In addition, 
Zdravkovich (1985) measured the associated surface pressure 
distributions circumferentially at spanwise locations up to Y/D=2.5. 
These were concordant with the existence of the vortices and 
displayed significant variations compared with two-dimensional flow 
conditions, such as those described in Section 2.2.2. With spanwise 
distance away from the centre, the position of the separation point 
moves further back on the cylinder's surface, from 85° at Y/D=1.0 to 
105° at Y/D=2.5. This is accompanied by an increase in suction on 
the cylinder's surface with a minimum value of Cp being attained at 
the centre of the vortex.
The variation of surface pressure was also examined for the low 
blockage cross by Osaka et al (1983a). Similar characteristics were 
found, and from the distribution recorded the local drag coefficient 
was calculated at several spanwise locations. The results are 
illustrated in the sketch below (from Osaka et al (1983a)).
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The spanwise variation shows that at Y/D<0.6 the value of Cg is 
below that of a single two-dimensional cylinder and reaches a peak in 
excess of the latter at Y/D=1.5. Beyond this the drag decreases to a 
minimum between Y/D=4 and Y/D=6, before returning to single cylinder 
values.
In addition to examining the wake velocities and surface pressure 
distributions, Osaka et al (1983b) also investigated the streamwise 
development of the turbulent flow field. Extensive results were 
presented regarding the distribution of longitudinal turbulence 
intensities and turbulent kinetic energy, and their streamwise decay 
rates in the far wake. Of particular relevance to the current study' 
are the contour plots shown below (from Osaka et al (1983b)) for the 
Y-Z plane taken at X/D=30.5.
Y/D Y/D
Contours = Contours = K/Uq
These distributions indicate that the whole aspect of the turbulence 
field is dominated by the cross geometry in a similar manner to the 
velocities, Osaka et al (1983a). In the wake of the intersection the 
intensities and energies are marginally smaller than those away from 
the centre, and in both cases the contours exhibit a distortion on 
the Y=Z plane which is indicative of the secondary flow described 
earlier. Moving downstream, the cross shape to both distributions 
was still distinct at X/D=298.5, however, a considerable spread of 
turbulence was evident with a reduction in values reflecting the 
decay rate.
Although a comprehensive examination of the wake structure of 
cylinders forming a cross with displaced members has not been 
undertaken, some of the features identified in the case of the
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intersecting cross are evident in the flow regime associated with 
cylinders arranged perpendicularly, one behind the other, and in 
contact at the centre. The sketch below illustrates the nature of 
the fluid motion at the surface of such a configuration as determined 
from oil film visualization performed by Zdravkovich (1983).
The sketch shows the presence of a strong secondary flow outwards 
along the rear side of the upstream cylinder. This produces four 
swirling regions, one in each quadrant of the cross, which are 
similar to those found in the intersecting case, Zdravkovich (1985). 
These correspond to the position of longitudinal vortices, which 
detach from the cylinder in its wake, and destroy the normal 
mechanisms of vortex shedding in the central region. Thus 
Zdravkovich (1983), with the aid of a single hot-wire anemometer,
could only detect the periodic velocity fluctuations associated with 
vortex shedding at spanwise locations beyond the disturbance.
The absence of similar swirling regions in the oil film on the
surface of the downstream cylinder indicates a significantly 
different flow regime. In this case, Zdravkovich (1983) suggests 
that the surface flow patterns are associated with a pair of
horseshoe vortices, which are generated from either side of the point 
of contact by the mechanism shown in the sketch below. These remain 
attached to the surface of the cylinder as they develop in the
streamwise direction, and converge in the wake.
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Zdravkovich (1983) found that these complex flow phenomena affect the 
surface pressure distribution on each element in the configuration, 
and consequently result in a spanwise variation in local drag 
coefficient. In the case of the upstream cylinder, the strongest 
interference occurs in the plane of contact, where the
circumferential distribution of Cp revealed that the surface 
pressure reaches a minimum, Cp(min), at 90° with an a1most complete 
recovery over the rear. This result resembles the pressure
distribution over a cylinder in potential and irrotational flow, 
Schlichting (1979). At spanwise locations away from the centre, this 
pressure recovery ceases to occur, and Cp(m jn) attains its lowest 
value at Y/D=0.75. Consequently, very low drag was recorded on the 
upstream cylinder at the point of contact, followed by a spanwise
rise to a maximum at Y/D=0.8. At the latter the value of the local 
drag coefficient exceeded that calculated for the single cylinder by 
25-30%. This high drag region persisted up to Y/D-1.5, which was the 
largest span measured, although Zdravkovich (1983) anticipated that
the value of Cq would return to that of a single cylinder at some
distance from the centre.
The pressure distribution on the front face of the downstream 
cylinder was found to exhibit considerable distortion in proximity to 
the point of contact. A peak of positive Cp was recorded at 6=60° 
circumferentially when Z/D=0.1 , and this was interpretted by
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Zdravkovich (1983) to be a reattachment point. At spanwise locations 
away from the centre, within the horseshoe vortex region, Cp(min ) 
reaches its lowest value between 6=60° and 0=90° at Z/D=1.0. The 
corresponding local drag distribution decreases from the plane of 
contact to a minimum at Z/D=0.2, and then rises slowly spanwise, all 
values recorded being below that of a single, two-dimensional 
cylinder.
2.4.3 Flat Plates
The previous sub-section of this review considered investigations in 
which perpendicular geometries were composed of circular cylinders 
either intersecting in the same plane, or in contact at the centre. 
The only alternative element type examined in similar configurations 
by previous researchers is that of the flat plate, Donoso (1980) and 
Donoso et al (1983). This work is therefore reviewed to provide a 
comparison with the highly curved case already described.
The flat plate is a sharp-edged bluff body commonly used in 
experiments requiring a model with a strong vortex shedding 
characteristic at moderate Reynolds numbers. Significant research 
has been carried out into the fluid motion associated with this 
section type when placed normal to an approach flow, and the 
fundamental details have been published in E.S.D.U. 70015 (1970). 
The drag coefficient has been found to vary with the chord width of 
the section, Bearman and Trueman (1972), a maximum value of 00=2.9 
occurring when d/h is approximately 0.6, where 'd 1 and 1 h 1 are the 
depth and width respectively. A variation in Strouhal number was 
also found, the value decreasing with increasing chord width from a 
maximum of St=0.14 at d/h=0.2. The corresponding flow regime in the 
near wake of the plate has been examined in detail by Bradbury and 
Moss (1975) using a pulsed-wire anemometer to determine mean 
velocities and turbulence intensities.
The flat plates used in the cross configuration examined by 
Donoso (1980) had a chord width of 0.125 and a combined blockage of 
5.5%. From the spanwise pressure distribution measured along the 
base centre-line of a single arm of the intersecting geometry,
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Donoso et al (1983), the existance of two fundamentally different 
flow regions was suggested. These are similar in character to those 
described in the wake of intersecting circular cylinders, 
Osaka et al (1983 a, c), and dependent upon the spanwise distance 
from the centre.
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The outer region of the distribution is found at locations for which 
Z/h>2.5, where the flow conditions are quasi two-dimensional as 
indicated by the approximately constant spanwise value of base 
pressure shown in the sketch above (from Donoso et al (1983)). This 
corresponds to strong periodic vortex shedding, a phenomena confirmed 
in autocorrelation measurements made in the wake, where a Strouhal 
number equivalent to that of a single section was recorded. 
Conversely, shedding was not detectable in either autocorrelation or 
space-time correlations measured within the inner region for which 
Z/h<2.5. At these locations the pressure levels rise sharply and are 
characteristic of those recorded when vortex shedding has been 
suppressed.
Donoso (1980) postulated that at the point of transition between 
these inner and outer regions trailing vortices are generated which 
detach streamwise from each arm. This mechanism is sustained by 
ventilation away from the intersection, as indicated by the spanwise 
pressure gradient. The flow regime is therefore similar to that 
found at the surface of intersecting circular cylinders in the work 
of Zdravkovich (1985). Indeed, this was also found to be the case in 
the near wake, where velocity measurements revealed a symmetrical 
distribution of contours in each quadrant with an overall cross 
shape, as indicated in the sketch below (from Donoso et al (1983)).
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Contours a t 2h Downstream of the Model
The distortion of the contours in the corner formed by the 
distribution suggests a secondary circulation in the wake which 
returns along the bisector, a similar flow pattern to that described 
for the perpendicular cylinders by Osaka et al (1983a).
In the case of the flat plates forming a cross composed of members in 
contact at the centre, only a limited investigation has been 
undertaken which was confined to the measurement of the spanwise base 
pressure distribution along each arm, Donoso et al (1983). The 
result for the upstream member revealed an increase in suction from a 
reduced value at the centre of the cross, to a peak at Y/h=l*5. This 
is probably associated with a trailing vortex of a type similar to 
that found by Zdravkovich (1983) at the surface of the upstream 
cylinder. However, the pressures measured on the downstream plate 
are somewhat different, decreasing spanwise away from the centre 
without exhibiting a similar peak.
It is evident from the literature reviewed above that perpendicular 
configurations composed of flat plates create similar flow regimes to 
those associated with the circular cylinder case. These can be 
defined as an outer region of quasi two-dimensional flow conditions, 
and an inner region of highly complex fluid motion. The precise
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nature of the latter region appears to be dependent upon whether the 
elements intersect at the centre of the geometry, or simply form a 
point of contact. The introduction of a spacing at the centre of the 
configuration is expected to affect this central flow regime, and 
produce a new problem for consideration, that of the flow between 
each element. The next section of this review therefore examines 
literature relating to flows within gaps separating bluff bodies.
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2.5 Flows around Cylinders in a Tandem Arrangement
The review of Section 2.4 has shown that the perpendicular geometry 
composed of intersecting members creates two distinctive flow regions 
in the near wake. The simplest, away from the centre, is essentially 
the regime of a single section with quasi two-dimensional 
characteristics, whereas, in proximity to the intersection itself, a 
complex interaction of the two perpendicular wakes occurs. It is 
anticipated that with a displacement of the members, the complexity 
of this central region will be increased by the position of one 
element in the wake of another.
The problems associated with the flow between two bluff bodies 
arranged in close proximity, with one in the wake of another, have 
received some attention in the past. Possibly the first 
investigation of this kind was made by Eiffel (1913), who studied the 
effect of spacing on the drag of two discs arranged co-axially in an 
airstream. This configuration was recently examined again in more 
detail by Morel and Bohn (1980). Several experiments have also been 
performed on a disc placed in the wake of a co-axial cylinder, Mair 
(1965), Little and Whipkey (1979), and vice-versa, Koenig and Roshko 
(1985). However, studies into the flow regimes occurring when 
section types similar to those used in the current work are arranged 
in tandem have been largely confined to cases involving smooth 
circular cylinders, research in this area having been stimulated by 
the regular use of these elements in engineering applications 
involving group configurations. Examples of situations where the 
effects of such flow interactions are of importance are numerous and 
include; heat exchanger tube banks, groups of tower blocks, chimney 
stacks, cooling tower arrays and braced members of offshore 
structures. Many of the principal investigations related to these 
problems have been reviewed in papers by Zdravkovich (1977), and King 
and Johns (1976).
Zdravkovich (1977) was primarily concerned with experimental work 
which examined the static response of rigidly fixed cylinders to 
changes in the spacing of the elements. Alternatively, King and 
Johns (1976) reviewed the very different phenomena associated with 
the dynamic response of cylinders free to oscillate, and presented 
their own data with regard to 'in-line' motion. Within the context
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of the current study, it is only necessary to consider the flow
regimes of rigid assemblies, as these enable identification of
similar characteristics at the centre of the fixed perpendicular 
geometries.
In the case of two-dimensional circular cylinders with smooth 
surfaces, if the models are arranged in tandem and normal to the 
approach flow, changes in the spacing of each element have been
found to result in drag variations. These were first observed in 
simple tests performed by Pannell et al (1915), and Biermann and 
Herrnstein (1933), involving direct force measurements, and later in 
the surface pressure work of Hori (1959). The most significant 
outcome of these investigations was the discovery of a critical 
spacing at which a discontinuous change in drag occurs. Pannell et 
al (1915) determined the combined drag of two wires separated by a 
distance which was varied between 1 diameter (in contact) . and 6 
diameters. The results showed that the rate of increase of this 
quantity altered between a gap width of 3 diameters and
31 /2 diameters, although no attempt was then made to discover the 
precise distance at which the change occurred. Biermann and 
Herrnstein (1933) provided more detailed information and extended the 
limits of spacing to 9 diameters between the cylinders. At Reynolds 
numbers in the range; 6.7xl04 < Re < 1.7xl05 (upper subcritical), 
the individual drag of each element responded to changes in the gap 
quite differently. For spacings of L<3D, where L is the distance 
between the axis of each model, and D is the diameter of the
cylinder, a negative drag develops on the downstream element. 
However, when L=4D the value becomes positive and constant at about 
Cq O . 8, that is less than the drag associated with a single
cylinder at the same Reynolds number. The drag of the upstream
element displays no such alteration of sign, although the coefficient 
does decrease slightly in comparision with a single cylinder to a 
minimum at L=3D.
Subsequent examination of the pressure changes on the surface of each 
cylinder has enabled an explanation of these drag variations. 
Hori (1959) measured the circumferential distributions around both 
cylinders at low gap widths, L<3D, and found that only the rear part 
of the upstream element is effected by the proximity of the
- 36 -
cylinder in its wake. Hence the small variation of drag recorded by 
Biermann and Herrnstein (1933). However, the pressure distribution 
measured circumferentially on the surface of the downstream cylinder 
revealed the presence of suction over the front face with a negative 
value of Cp in excess of that on the base. This continued to be 
the case over the range of separations considered, and is the cause 
of the negative drag coefficient already described.
Detailed measurements of the pressure distribution on the downstream 
cylinder have been presented for a Reynolds number of lxlO5 by 
Zdravkovich and Stanhope (1972), and these are illustrated in the 
sketch below.
For small spacings of the cylinders up to 3*5 diameters, the 
distributions of Cp form a family of curves with characteristics 
similar to those described in the work of Hori (1959). However, at 
spacings beyond L = 3 * 5 D a  second group of curves exist with 
significantly different profiles. Zdravkovich and Pridden (1977) 
later established that the critical point of change between these two 
groups is in fact discontinuous, and gives rise to the abrupt drag 
variations discussed by Biermann and Herrnstein (1933).
The presence of these discontinuities is related to a fundamental 
change in the flow regime in the gap between the two cylinders. This 
occurs when the separation becomes critical, and an explanation can 
be found in the nature of the interference effect of one member upon
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the other. At short distances, both Hori (1959), and Zdravkovich and 
Stanhope (1972), identified two symmetrically positioned maximums in 
the circumferential pressure distributions of the downstream 
cylinder. These correspond to points at which the free shear layer, 
separated from the upstream cylinder, reattaches on the surface of 
the downstream cylinder to form a closed wake region. This is shown 
in the sketch below (after Kostic and Oka (1972)).
L = 2*5 D
As the gap between the elements increases towards the critical value, 
these reattachment points move forward over the surface of the second 
element, Zdravkovich and Pridden (1977). The exact nature of the 
movement is dependent upon the Reynolds number, Zdravkovich (1977),
although more detailed research is required in this area to define
the precise relationship.
Pressure measurements made by Hori (1959) have revealed that the
negative value of Cp recorded on the front face of the downstream
cylinder corresponds in magnitude to that found at the base of the 
element upstream. This implies that the recirculation velocities are 
small within the region enclosed by the reattached shear layers. To 
verify this, Zdravkovich and Stanhope (1972) measured three velocity 
profiles across the gap, and one across the wake of the downstream 
cylinder, with a hot-wire anemometer. Since this device is not 
suitable for use in recirculating flow, Bradbury (1976), the 
numerical values of the results must be regarded with some degree of 
caution. However, the three velocity profiles determined within the 
gap were similar to each other for all spacings up to L=3D and, as 
such, indicated that velocities within the region are indeed small.
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The wake profile measured for the same range of spacings differed 
considerably from the other three, and exhibited much greater 
velocities. Beyond the spacing of three diameters, L>3D, the gap and 
wake profiles became similar, and consequently implied a similar flow 
regime. In addition, it was found that this change in velocity at 
the critical spacing was abrupt and, therefore, in agreement with the 
drag and pressure data.
The effect of this closed wake flow regime upon the fluid phenomena 
associated with the downstream cylinder has been investigated by 
Kostic and Oka (1972). They found that a laminar boundary layer 
forms beyond the reattachment points on both sides of the cylinder 
and, depending upon a combination of the gap width and Reynolds
number, transition to turbulence may occur before separation. Within
the wake, the free shear layers appear to form vortices which are 
essentially unchanged from those associated with a single cylinder, 
and smoke observations by Zdravkovich (1972) have shown that a vortex 
street forms behind the downstream cylinder at all cylinder spacings.
It has already been noted that an increase in gap width between the
elements results in a forward movement of the reattachment point on
the surface of the downstream cylinder. At a critical distance,
which is dependent upon Reynolds number, reattachment ceases 
completely and instead the free shear layers separated from the 
upstream cylinder create vortices of the type associated with a
single model, Section 2.2.1. These were seen to form at spacings 
greater than four diameters in the smoke observations of Zdravkovich 
(1972), and have been investigated in detail by both Oka et al 
(1972), and Ishigai et al (1972).
Oka et al (1972) measured the vortex shedding frequencies behind both 
cylinders for flows in the subcritical Reynolds number range. The 
results indicated that vortex shedding from the upstream cylinder 
only occurs when the distance between the elements is above a 
critical distance of L=3.8D. Beyond the latter spacing the frequency 
of shedding was found to increase rapidly, producing a Strouhal 
number equivalent to that for a single cylinder by L=10D.
Conversely, a frequency was detected in the wake of the downstream 
cylinder for all spacings, with a Strouhal number which continuously
- 39 -
decreased from a value well above that of a single cylinder at L=1D, 
to a minimum just before the critical dimension of L=3.8D. At the 
latter a sudden 'jump' in value occurred to the frequency of shedding 
behind the upstream element, and this indicated a "locking-in" effect 
between the two wakes.
Investigation by Ishigai et al (1972) have revealed a bistable nature 
to this "locking-in" phenomena, two different values of the Strouhal 
number intermittently existing simultaneously in both wakes at a 
spacing of L=3.8D. This is also reflected in the stagnation pressure 
on the front face of the downstream cylinder, which fluctuates 
between two mean values at the discontinuity, Zdravkovich (1977).
These measurements of the vortex shedding characteristics therefore 
suggest the existence of a second flow regime for spacings larger 
than the critical value, and this is shown in the sketch below (after 
Kostic and Oka (1972)).
The effect of this second flow regime upon the upstream cylinder is 
reduced with increasing element spacing, the influence of the 
downstream cylinder becoming negligible at large gap widths. This is 
reflected in the vortex shedding frequency, base pressure and drag 
coefficient, all of which assume single cylinder values when L>10D. 
However, in the case of the downstream cylinder, its position in the 
vortex street generated by the element upstream means that it is 
subjected to a turbulent approach flow, even at large spacings. This 
flow regime has been seen in Section 2.2.1 to cause a transition of 
the surface boundary layers from laminar to turbulent prior to 
separation, with a consequent narrowing of the wake. Indeed, the 
results of Kostic and Oka (1972) confirm this as being responsible
Vortex Formation
Transition to Turbulence
L= 6D
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for the reduction in form drag found by Biermann and 
Herrnstein (1933).
This disturbance to the boundary layers and the flows in the wake of 
the downstream cylinder persists for a considerable range of gap 
widths. The measurements of shedding frequencies in the wake made by 
Oka et al (1972) have indicated an effect upon Strouhal number for 
spacings up to 1=350, whilst a 20% reduction in drag compared with 
that of a single cylinder has been recorded at L=50D for a Reynolds 
number of 5xl04 , Cooper and Ward!aw (1971).
In addition to being dependent upon element spacing, the drag 
coefficient has been found to vary with Reynolds number, 
Zdravkovich (1977). For the range of spacings below the critical 
value, when the 'closed wake' flow regime exists, the relationship is 
very difficult to discern. However, beyond the discontinuity there 
are distinct trends. In the case of the upstream cylinder, the 
vortex shedding within the wake is largely undisturbed and 
consequently the drag coefficient is related to the Reynolds number 
in a similar manner to that for a single cylinder. For the 
downstream cylinder the relationship is more complicated due to its 
position in the turbulent wake of the upstream element. At low 
Reynolds numbers, the drag coefficient has a similar value to that of 
the upstream cylinder. Whereas at high Reynolds numbers in the 
subcritical regime, the drag remains small even at large spacings. 
In between these two extremes there is a gradual change which is
reflected in a family of curves measured by Cooper (1974), the 
general trend being a continuous increase in drag for both increased 
spacing and decreased Reynolds number.
The two different flow patterns developed within the gap between the 
cylinders have a considerable effect upon the heat transfer 
characteristics of the downstream element, a feature of importance if 
the configuration of two cylinders in tandem is used in a heat
exchange device. This application has been considered in the case of 
'in-line' tube banks by Kostic and Oka (1972), who developed a
relationship between the flow regime and heat transfer rates through 
measurements of the surface pressure and Nusselt number distributions 
around the circumference of both cylinders. In the case of the
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upstream cylinder, at distances larger than the critical the local 
Nusselt number distribution was similar to that determined on a 
single cylinder at the same Reynolds number. This results in a mean 
Nusselt number for the element of an equivalent magnitude to that of 
a single cylinder and, therefore, indicates no changes in the heat 
transfer capability of the fluid. However, when the 'closed wake' is 
formed the local Nusselt number in the separated region is initially 
increased, but at shorter distances the recirculation velocities are 
low, and consequently there is a reduction in heat transfer rates due 
to decreased convection. The deviation in the mean Nusselt number 
for this range of element spacings was found to be no greater than 8% 
of the single cylinder value.
For the downstream cylinder the variations in the local heat tranfer 
characteristics are more complex. At distances in excess of the 
critical, two minima in local Nusselt number are found on either side 
of the cylinder which correspond to the transition and separation 
points on the surface. The heat transfer capability of the laminar 
boundary layer is increased by as much as 20%, due to increased 
convection from the presence of turbulence in the approach flow. 
This, together with the enhanced heat transfer capacity of the 
turbulent boundary layer, which is also present on the surface to the 
rear of the transition point, results in a mean Nusselt number 25% 
greater than that of a single cylinder at the same Reynolds number.
Formation of the 'closed wake' region for gap widths less than the 
critical establishes reattachment points on the surface of the 
downstream cylinder. At these locations the local Nusselt number 
exhibits a distinct maximum. Over the surface forward of these 
points the values are reduced as a result of the low velocities in 
the gap, whereas to the rear of the reattachment an increase in heat 
transfer takes place. The subsequent balance between these two 
regions, which is related to movement of the shear layers, causes an 
irregular variation of the mean Nusselt number with changing 
distance. Consequently, Kostic and Oka (1972) were unable to define 
any precise trends.
As with the drag coefficient of the cylinders, Kostic and Oka (1972) 
found a distinct relationship between the Reynolds number of the
- 42 -
approach flow and the mean Nusselt number of each element. When at 
least 50% of either cylinders surface is covered by a laminar 
boundary layer, the mean Nusselt number is proportional to Re0 ’6 0 . 
This is the case for the upstream element at all spacings, and for 
the downstream cylinder at gap widths greater than L=3D. When the 
latter has its largest surface area enclosed by the 'closed wake1 
region, that is for L<2.7D, the mean Nusselt number becomes 
proportional to Re0 '6 6 .
/
This section of the review has shown that there are two fundamental 
flow patterns that may exist in the gap formed between two cylinders 
arranged in tandem and normal to an approach flow. The regime that 
occurs is dependent upon a critical value of the spacing, the latter 
being determined to some extent by the Reynolds number. For flows in 
the subcritical regime a gap width less than 3.8 diameters, L<3.8D, 
results in a ‘closed wake' region between the cylinders in which 
recirculation velocities are low. However, for spacings of L>3.8D, 
vortex shedding of the type associated with a single cylinder in 
uniform flow occurs in the wake of the upstream cylinder. The 
resulting turbulence affects the flow conditions at the downstream 
cylinder, a feature which persists over separation distances as large 
as L=35D.
These two different flow patterns have distinct effects upon the 
surface pressures, drag coefficients, vortex shedding frequencies, 
and heat transfer characteristics of both cylinders, all of which are 
related to element spacing and Reynolds number. It is anticipated 
that similar relationships will be associated with the gap between 
two perpendicular elements displaced relative to each other.
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The review of investigations into the flow regime created by 
perpendicular configurations, Section 2.4, has described the 
existence of two distinctive regions. Quasi two-dimensional 
conditions similar to those described for single elements, 
Section 2.2, dominate the wake regime at spanwise distances away from 
the centre. In the central region itself, a complex secondary flow 
field exists which is composed of trailing vortices, the precise 
nature of which depend upon whether the elements intersect or simply 
form a point of contact. Although extensive research of this feature 
has been undertaken with regard to elements that meet perpendicularly 
in the same plane, Section 2.4 has shown that consideration has not 
been given to the effects produced by a displacement of the 
elements. The introduction of a gap in such a configuration is 
expected to affect the central flow region, and to produce flow 
regimes between each element similar to those found when cylinders 
are arranged in tandem, Section 2.5.
In addition, the discussion of Section 2.3 considered the use of end 
plates to two-dimensionalize flow conditions around nominally 
two-dimensional bluff bodies, and it was shown that the exact effects 
of such a technique upon the spanwise base pressure distribution 
requires further investigation.
The following chapter describes the experimental apparatus adopted in 
the present study for investigating the fluid motion both in the near 
wake of perpendicular configurations composed of displaced elements, 
and within the gap formed between each member, and for assessing the 
applicability of an end plate technique to this study.
2.6 Summary
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CHAPTER THREE 
EXPERIMENTAL DETAILS
3.1 Introduction
The flow regimes associated with cylinders and bars arranged in
perpendicular configurations, and immersed in a uniform airflow, were
investigated by undertaking wind tunnel studies. This chapter 
describes the apparatus and techniques used in these experiments,
which involved the measurement of surface pressures. fluid
velocities, and turbulence parameters.
The chapter begins with a description of the wind tunnel facility and 
the characteristics of the uniform airflow generated within the 
working section. This is followed by details of the circular 
cylinders and square bars used to form the perpendicular geometries 
examined. These include models with members intersecting in the same 
plane, and others in which the elements can be displaced in the
direction of the freestream flow. Details are also given of the
models used in the preliminary work investigating the effect of end
plates on the spanwise base pressure distribution.
A microcomputer and various software packages were used to provide 
on-line data acquisition and analysis. Fundamental to this system is 
the use of electronic interface equipment incorporating an analogue 
to digital converter, which enables communication between the 
computer and the measuring instrumentation. The development of such 
a device, for use in the spatial correlation experiments, was 
undertaken during the course of this research, and a comprehensive 
discussion of the unit is therefore given in this chapter.
Finally, a description is given of the principal apparatus and 
software packages used in conjunction with the computer for the 
measurement of each specific quantity examined in the study. This 
includes sections on the determination of surface pressures, mean 
velocities and turbulence intensities, spatial correlations, and 
autocorrelations.
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All of the experiments described in this study were undertaken in the 
Department of Civil Engineering's low speed, blow down, open circuit 
wind tunnel shown in Plate 2. This has a large working section with 
dimensions of 1.067m width x 1.372m height x 9.0m length, and a 
layout as illustrated in Figure 1. The airflow is generated by a 
centrifugal fan with a 100H.P. driver motor and control of the exit 
velocity is achieved through a 3 phase thyristor speed regulator. 
Upon exit from the blower, the air passes through a wide angle 
diffuser and into a settling chamber which contains 4 wire mesh 
screens and a honeycombe to ensure smooth flow conditions. Beyond 
this arrangement is a 5:1 contraction into the working section where 
a uniform airflow is produced with a turbulence level of about 0.17%.
Mounted above the model testing position is a precision, motorised 
three-dimensional traversing facility which is illustrated in 
Plate 3. Attached to the mechanism is a long "sting" which protrudes 
into the wind tunnel through a sliding roof with a self-sealing 
slot. This arrangement enables various measuring probes to be moved 
in directions perpendicular and parallel to the wall of the working 
section. The mechanism is driven by three miniangle stepper motors, 
one for each traversing direction, and movement is controlled by a 
microcomputer as described in Section 3.4. The positional accuracy 
measured at the probe holder is within ±0.02mm.
Although the models examined in the current study are considered in a 
uniform airflow, they are subject to the effects of individual 
boundary . 1 ayers on the tunnel walls. These develop along each 
surface with an origin at the exit from the contraction, and their 
relevant parameters, recorded at the model testing position, are 
given below:-
3.2 Wind Tunnel
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PARAMETER
SURFACE
WALL WINDOW FLOOR ROOF
THICKNESS 6 (mm) 83 78 68 106
DISPLACEMENT 
THICKNESS 6*(mm)
18.46 19.37 14.17 26.59
MOMENTUM 
THICKNESS e(mm)
11.39 11.25 8.59 15.55
RATIO OF 0/6* 0.617 0.581 0.606 0.585
Freestream Velocity, Uo=10.0m/s.
The boundary layer thickness was taken to be the height above the 
surface where the mean velocity was 99% that of the freestream. The 
displacement and momentum thicknesses were calculated from the 
following relationships:
6* = f°° (l-u/u0 ) dh 
e = /“ L.(l-u/u0 ) dh
0 Uo
where h is the height above the surface upon which the boundary layer 
is present.
3.3 Hind Tunnel Models
The perpendicular geometries examined in the experimental work 
included models with members intersecting in the same plane, and 
others in which the elements were displaced in the direction of the 
freestream flow, as shown in Plate 4. These configurations were 
composed of either circular cylinders, or square bars, the details of 
which are discussed in this section.
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3.3.1 Circular Cylinders
The diameter of the circular cylinders used in the perpendicular 
configurations was determined by considering three parameters of 
fundamental importance in wind tunnel studies
(i) Reynolds Number.
The Reynolds number based on cylinder diameter is of the form:
Re - EH-
where D is the cylinder diameter, U0 the freestream velocity, and v 
the kinematic viscosity of the fluid.
The selection of a Reynolds number range for the tests involved
consideration of the flow characteristics of a single cylinder, and 
the compatibility of the obtained data with that of previous
studies. These requirements led to a choice of the upper subcritical 
regime, 10^ < Re < 105 , as being the most appropriate. In this
range, the flow conditions are stable with laminar separation of the 
surface boundary layer and periodic vortex shedding in the wake, as 
described in Section 2.2.2. In addition, much of the previous work 
on similar perpendicular configurations was performed in this
Reynolds number range, Section 2.4.
\
(ii) Blockage.
The blockage percentage is calculated in accordance with 
E.S.D.U. 80024 (1980) through the following relationship:
c
Blockage Percentage = _  x 100%
A
where S is the reference cross-sectional area of the body normal to 
the freestream, and A is the cross-sectional area of the wind tunnel.
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For the current series of experiments it was necessary to ensure that
the percentage value associated with each model was as low as
possible to reduce the effects of wall confinement (Section 2.2.2).
(iii) Aspect Ratio.
The aspect ratio is also calculated in accordance with
E.S.D.U. 80024 (1980) viz:
Aspect Ratio = span mode  ^ between end planes
diameter of model
This ratio was required to be as large as possible to ensure the
simulation of approximately two-dimensional flow conditions.
A balance of all three considerations led to the choice of a 30mm 
diameter cylinder, and this has the parameters listed below:-
Reynolds Number: 2xl04
(Air Velocity: lOm/s)
Horizontal Span (1.067m)
Blockage: 2.2%
Aspect Ratio: 36
Vertical Span (1.372m)
Blockage: 2.8%
Aspect Ratio: 46
Two 30mm diameter circular cylinders formed one of the models of a 
perpendicular configuration with non-connecting members examined in 
the current study. Each cylinder completely spanned the working 
section of the tunnel, one vertically from floor to roof, and the 
other horizontally from window to wall; e.g. producing a geometry 
similar to that shown in Fig. 2. Both cylinders were constructed from 
HE30 aluminium alloy tubing, which was given a highly polished finish 
to achieve as smooth a cylinder as possible. This was necessary since 
the effects of surface roughness are important with respect to 
changes in the effective Reynolds number of a circular cylinder, 
E.S.D.U. 80025 (1980).
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The horizontal cylinder was manufactured to the specifications of 
Figure 3, which also shows the locations of four pressure tappings. 
Two of these were arranged on the surface at 180° to each other to 
allow the simultaneous measurement of stagnation and base pressures. 
Those at 20° either side of the principal tapping were provided for 
the initial alignment of the model prior to actual data collection. 
Each individual tapping was constructed from 1.47mm O.D., 1.0mm I.D., 
steel tubing mounted inside the hollow section of the cylinder and 
set in a locating hole. The protrusion of this feature on the 
surface was reduced to a smooth finish with the cylinder's profile to 
ensure a minimum disturbance to the flow regime.
The length of the horizontal cylinder was designed to be longer than 
the width of the working section of the tunnel. This was for the 
purpose of spanwise pressure measurements which were achieved by a 
lateral displacement of the pressure tappings. The holes in the
working section through which the cylinder projected were tightly
sealed to prevent an ingress of air. At the wall, fixing was 
provided by a collar mounted in a turntable to allow rotation of the
cylinder for circumferential pressure measurements. The collar set
in the window was also free to rotate for this purpose.
The vertical cylinder was manufactured to the dimensions of
Figure 4(a), which shows that the model is not pressure tapped, and 
that its length is almost equivalent to the height of the working
section. Figure 4(b) illustrates the method of fixing which enabled
the displacement of the cylinder relative to the horizontal model.
For measurements involving perpendicular members that intersect in a 
single plane, a second vertical model was designed. This comprised 
of two sections without pressure tappings, and these were fixed to 
the roof and floor respectively to create the geometry shown in 
Figure 5. Particular attention was given to the point of
intersection, Figure 5(a), the curves being designed to produce as 
close a fit as possible.
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3.3.2 Square Bars
The section size of the square bars used in the perpendicular 
configurations was chosen to be 30mm x 30mm. This ensured that the 
three basic parameters of Reynolds number, blockage percentage and 
aspect ratio were similar to those of the circular cylinders. Thus 
providing a basis for the comparison of test data obtained in each 
series of experiments.
Two 30mm x 30mm square section models were machined from solid 
HE30 aluminium alloy bars. Figure 6 shows the manufacturing details 
of the horizontal model and the positions of 70 pressure tappings. 
These were in a fixed configuration and were achieved through a 
series of 0.5mm holes drilled in 1.47mm O.D., 1.0mm I.D., steel pipes 
embedded in the surface of the baf. The length of the model was 
slightly in excess of the width of the working section to enable 
secure fixing, one end being bolted directly to a disc located in the 
window, and the other simply supported in a tightly sealed collar at 
the turntable. The latter allowed accurate rotation of the bar for 
initial alignment of the front face normal to the approach flow.
The vertical bar was manufactured to the dimensions of Figure 4(a), 
which shows that the model is not pressure tapped, and that its 
length is almost equivalent to the height of the working section. 
The fixing method was the same as described for the vertical 
cylinder, Figure 4(b), and enabled displacement of the bar relative 
to the horizontal model.
For measurements involving perpendicular members that intersect in 
the same plane, a second vertical model was designed. This comprised 
of two sections without pressure tappings and these were fixed to the 
roof and floor respectively to create the geometry shown in Figure 5. 
The point of intersection was sealed to ensure no 'bleeding1 of air 
through the joint, Figure 5(b).
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A number of experiments were carried out in a preliminary study, 
Section 4.2, which involved the use of end plates with the horizontal 
square bar in an attempt to determine the effect of plate spacing 
upon the spanwise base pressure distribution. For these tests, a set 
of sharp-edged rectangular plates were provided with the dimensions 
shown in Figure 7, these being in excess of those specified as the
minimum by E.S.D.U. 80024 (1980). The upstream, or leading edge, of 
each plate was chamfered at 30° to reduce any disturbance to the flow 
conditions that may be generated at that point, and the hole through 
which the bar passes was tightly sealed before each experiment to 
prevent an ingress of air from outboard of the plates.
The details of the adjustable aluminium collars used to secure each 
plate to the square bar are also shown in Figure 7. These were
designed to be of the minimum dimensions possible, as they were 
required to form a discreet appendage to each plate. Fixing of these 
collars to the bar was achieved by the use of 2BA screws which
tighten upon a smooth, 1mm thick, rectangular plastic board. The end 
plates were located on each collar by three 4BA screws, the heads of 
which were flush with the surface plate so as to minimize any 
disturbance to the flow. Once fitted, these collars allowed easy 
lateral movement of the plates for variation of the spacing, the
whole assembly being illustrated in Plate 5.
3.3.3 End Plates
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A Commodore 4032-PET microcomputer was dedicated to the experimental 
arrangement for control of the principal instrumentation, together 
with data acquisition and analysis. This was achieved through the 
use of a range of software packages and electronic interface units, a 
system extensively described in Savory (1984), Savory and Toy (1984), 
and Savory and Toy (1986).
The wind tunnel traversing mechanism is controlled by an IEEE-488 
port at the microcomputer, via an interface unit, and traversing 
routines are written into control programmes. In addition to simple 
traversing, long automatic traverses can be undertaken in one or more 
directions, the mechanism halting at selected locations to permit 
sampling by an instrument. The latter is connected independently to 
the microcomputer via an appropriate interface unit and the User 
Port.
Individual computer programmes have been written in a combination of 
BASIC and ASSEMBLER languages to perform data acquisition and 
analysis in conjunction with specific instrumentation. These 
programmes are grouped into software packages which are generally 
written in a "menu" form, with various subroutines provided to enable 
the user to calibrate a specific instrument, undertake experimental 
measurements, analyse the data on-line, and output the results in the 
form of screen, disc and paper print-outs.
A general relationship between the instrumentation, electronic
interfaces, microcomputer and software packages used in the current
study is shown diagrammatically in Figure 8. Fundamental to a number 
of these data collection systems is the use of an analogue to digital 
(A/D) converter unit as an interface device. The development of such 
a unit was undertaken during the course of this research to enable 
the simultaneous collection of two channels of data for the spatial 
correlation experiments. A discussion of the principles, design and
construction details of the assembled device is therefore given in
the next section.
3.4 Microcomputer and Interfaces
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3.5 Dual Channel Analogue to Digital Converter Unit
3.5.1 Introduction
An analogue to digital conversion is of primary importance in the 
acquisition of data from wind tunnel instrumentation when using a 
microcomputer based system. The need for such a facility is apparent 
in the use of either a hot-wire anemometer or pressure transducer, 
both of which produce an analogue output voltage related to the 
measured quantity. To enable the computer to receive such signals it 
is necessary to convert the voltage value into a digital form that 
can be recognised by the software.
A number of interface devices capable of analogue to digital 
conversion were available within the Fluids Laboratory during this 
research, but their use was restricted to measurements involving a 
single output channel. This is an operating mode which is sufficient 
when data is only required from one instrument, such as in the use of 
a single hot-wire anemometer. However, in the current investigation 
it was necessary to acquire two channels of data simultaneously in 
the spatial correlation experiments described in Chapter Five. This 
requirement resulted in the need to design and construct a dual 
channel analogue to digital interface unit.
A brief summary of the design principles and constructional details 
of the unit is provided in the following sub-sections. For a full 
description of the device, and its operational characteristics, the 
reader is directed to Fox (1986a).
3.5.2 General Principles and Design
If an instrument is producing an analogue signal with voltage values 
that vary over a small range about a mean, and it is necessary to 
determine that mean, a system must be designed which is capable of 
collecting samples of that signal and performing the associated 
arithmetic. The stages in such a system, based upon the use of a 
computer for both control and data processing, are illustrated in the 
diagram below:-
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Offset
If the analogue voltage produced, by the instrument is small compared 
with the operating range of the A/D converter to be used in the 
system, then the first stage is amplification. The gain, G of the 
amplifier must be of a value which ensures that the multiplied signal 
has a voltage no greater than, or less than, the range acceptable to 
the A/D converter. This can be expressed in the relationship:
< G x (E + E (max)) * 2^
which is deduced from the sketch above, where E / (m ax) is the 
maximum positive or negative fluctuation about the mean E, and Vx and 
V2 are the lower and upper voltage limits of the A/D converter. 
However, the fluctuating signal may be superimposed upon a mean 
value which has a voltage considerably higher than the operating 
voltage range of the A/D converter. In such a case it is necessary 
to introduce an offset voltage before amplification of value5 
(max)*
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Having amplified the signal and produced an operating voltage range 
compatible with the input requirements of the A/D converter, it is 
necessary to obtain an instantaneous value of the continuously 
fluctuating output. This is achieved through a 'Sample and Hold' 
amplifier, which samples the signal until commanded by a pulse from 
the computer to 'hold' a single value. This can then be converted by 
the A/D converter to a corresponding binary number composed of a 
range of digital 'bits'.
The next stage in the system is the transfer to the microcomputer of 
the binary number produced by the conversion process. This may be 
achieved by the use of a series of multiplexers, which can provide 
the individual bits at the USER port of the computer in a sequence 
dictated by the control programme. Having obtained the data in this 
way, the software can be used to create a store of the sum of several 
digital values of the analogue signal, and thus the mean value, ¥  
may be calculated from the desired number of samples.
The use of two of these data acquisition systems in parallel in a 
single interface device enables the simultaneous sampling of two 
instruments, such as the pair of single hot-wire anemometers used in 
the spatial correlation experiments. This is the principle used in 
the dual channel analogue to digital converter unit constructed for 
the current study.
The internal design of the unit was based upon a grouping together of 
the components associated with each of the principal stages in 
the acquisition process. This was achieved by the use of printed 
circuit boards manufactured within the laboratory. Figure 9 
illustrates the layout of these boards in the unit, and shows that 
they have been arranged as two separate channels with the dual 
channel multiplexer stage in the centre. Each board is discussed 
separately in the next sub-section, together with the construction 
details of the unit.
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A general view of the dual channel analogue to digital converter unit 
is given in Plate 6. The 240V a.c. mains supply socket, ON/OFF 
switch, and D-socket for connection to the microcomputer are all 
located on the rear of the box. Figure 10 shows the layout of the 
front panel, which is arranged symmetrical ly about the 'Digital 
Output' displays located on the centre-line.
The individual groups of components associated with each channel 
perform identical operations which have been discussed briefly in the 
previous sub-section. These are now described in more detail with 
regard to the electronics of each stage in the system, and to assist 
in this description a simplified schematic layout of the connections 
between these principal groups is given below:-
3.5.3 Construction Details
INT EXT SIGNAL AMP AM PLIFIED  DIGITAL OUTPUT
°/P i/P '/P o/P SIGNAL
Considering a single channel, the analogue signal to be converted to 
a digital number is connected to the device at the socket marked 
'SIGNAL I/P'. With the amplification selection switch in the '0' 
position, this signal is fed directly to the A/D Converter and 
Voltmeter boards simultaneously. However, selection of a specific 
amplification routes the signal to the amplifier board.
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The Amplifier board is shown in Plate 7, and the associated circuit 
layout is given in Figure 11. There are six differential amplifiers 
mounted on the board providing gains of 2, 5, 10, 20, 50 and 100. 
Each is composed of a 725CN Op-Amp, together with resistors and
capacitors specified to produce each individual gain. The lOOKa 
offset adjustment potentiometers have all been arranged along the top 
of the board for easy access, and the differential input resistors 
are located near the edge connections. The input, output, ground and 
power supply lines are provided as shown, and two 2.2pF TANT 
capacitors decouple each supply rail with earth.
The circuit layout for the 12-Bit Digital to Analogue (D/A) board is 
given in Figure 12, and the general arrangement of the components is 
illustrated in Plate 8. This is a two channel card which produces
both offset voltages, for use in the amplification stages, from
12-Bit numbers provided by the user at the selection switch on the 
front panel, Figure 10. With the 'Source' switch directed towards
the socket marked 'INT 0/P', an offset voltage can be selected over 
the range 0V to 9.99V in 0,01V steps, the actual value being produced
for each channel by a BURR BROWN DAC80-CB1-V digital to analogue
converter. In the event of a failure of this component, it is
possible to bypass this board by providing an alternative external 
source at the socket labelled 'EXT.I/P'.
After amplification the analogue signal is fed simultaneously to the 
A/D Converter and Voltmeter boards, the latter being provided to 
produce the 'Amplified Signal' L.E.D. display on the front panel,
Figure 10. The general arrangement of the Voltmeter board is 
illustrated in Plate 9, and the circuit layout is shown in 
Figure 13. A 7107 D. P.M. i.e. is the principal component used to 
decode the analogue signal and drive a series of 7-segment, common 
anode, L.E.D. units mounted in a display panel. External capacitors 
and resistors have been supplied to the manufacturers specifications, 
and these are arranged in a configuration which produces a 
±20.OV f.s.d. meter. A decimal point on the display is driven 
directly from the -5V rail, a 270 a resistor being provided to limit 
the current. The position of this line on the edge connection, 
together with that of the input, output, ground and supply voltage 
lines, is as shown in Figure 13.
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The amplified signal displayed on the front panel should have a value 
in the range ±10 volts for Bipolar operations, or 0-10 volts in the 
case of Unipolar work. This is sampled and converted to a 10-bit 
digital number by the circuitry on the A/D Converter board, Figure 
14, the general arrangement of which is illustrated in Plate 10.
The analogue signal is fed directly from the edge of the board to the 
BURR BROWN SHC80KP, which performs the Sample and Hold operation. 
Control of this device is by the status line output of the A/D 
converter, a BURR BROWN ADC80AG-10, via a 7404 hex inverter. During 
conversion, the analogue voltage held by the SHC80KP is connected to 
Pin 13 or 14 of the A/D converter, the connection being dependent 
upon whether 'Unipolar' or 'Bipolar' has been selected at the 'MODE* 
switch mounted on the front panel, Figure 10.
The 'Convert' command from the microcomputer is fed from the edge of 
the board to a 74123 Dual Monostable, of which only one channel is 
used, and then to Pin 18 of the ADC80. Upon this command the 
analogue signal on either Pin 13 or 14 is converted to a 10-bit 
digital number and output on Pins 1-6 and 29-32. The voltage values 
on these lines are taken to a series of 7475 4-bit D-latches, which 
act upon a change in the status from the ADC80 at the end of 
conversion to provide the 10-bits at the edge of the board. These
are then passed to the multiplexers for transfer to the computer, and
also to the 'Digital Output' L.E.D. display on the front panel,
Figure 10.
External resistors and capacitors on the board have been supplied as 
required by the manufacturers specifications for each component. The 
offset and gain potentiometers are located on the top of the board, 
with the offset adjustment for the SHC80KP. Two lyF TANT capacitors 
are provided between each power rail and earth to decouple the
15 volt supply lines.
The 10 bar d.i.l. arrays marked ‘Digital Output' on the front panel 
indicate the values of the 10-bit digital numbers being produced by 
the A/D Converter board of each channel. They are read from left to 
right, i.e. the Most Significant Bit (MSB) indicates *512', and the 
Least Significant Bit (LSB) indicates '1', thus if all the Bits are 
present the output is '1023'. Each individual L.E.D. is driven
- 59 -
from a series of Darlington Drivers arranged on a small printed 
circuit board, Figure 15, which is mounted on the rear of the front 
panel.
The final stage in the acquisition process is carried-out by the 
Multiplexer board illustrated in Plate 11, the circuit layout of 
which is shown in Figure 16. This is a two-channel board which 
handles both 10-bit numbers from the two A/D converters, storing them 
temporarily before passing the digital information to the computer 
via the D-Plug at the rear of the box. The board is composed of 
three 74LS153 Dual 4-line to 1-line data selectors/multiplexers. 
There are no external components, except for a 2.2yF TANT capacitor 
which is provided between the +5V supply rail and earth.
The diagrammatic representation of a single multiplexer unit and a 
truth table governing the output are shown below:-
A B I/P 0/P
*F 5V ■
3 2 1 0 Y2 
n  n  n  n  n  n
" U  U  U  U  U  L T  
B 3 2 1 0 Y1
By controlling the A and B select pins, control of which 'input' 
value is fed to the 'output' pin Y is achieved. The use of three 
multiplexer units, as shown in Figure 16, produces the following two 
channel output truth table:-
CHANNEL 1:
Select
A B I/P 0/P A B I/P 0/P
L L 0 Y H L 1 Y
Output
UNIT A UNIT B UNIT C UNIT A UNIT B UNIT C
BIT 6 BIT 8 BIT 10(LSB) BIT 4 BIT 2
BIT 5 BIT 7 BIT 9 BIT 3 BIT l(MSB) -
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CHANNEL 2:
Select
A B I/P 0/P A B I/P 0/P I
L H 2 Y H H 3 Y
Output
UNIT A UNIT B UNIT C UNIT A UNIT B UNIT C
BIT 6 BIT 8 BIT 10(LSB) BIT 4 BIT 2
BIT 5 BIT 7 BIT 9 BIT 3 BIT l(MSB) -
The use of the computer to control the A and B select pins allows 
both 10-bit numbers to be read into the microprocessor at the 
appropriate point in the program.
Finally, the power supply to all the boards discussed above is 
provided by units positioned in the box as illustrated in Figure 9. 
Two high-performance, encapsulated fixed voltage units are provided, 
and both operate from a 240V a.c. mains supply. Each outputs a 
constant d.c. voltage for powering all of the the internal 
circuitry. One produces +5V with a maximum current of 1 Amp, the 
other +15V and -15V with 200 mA (max) per rail. The ground lines 
from each unit are connected to the earth point on the assembly 
chassis.
3.5.4 Summary
The general design criteria and principal construction details of the 
dual channel analogue to digital converter unit have been discussed 
in this section. The device was primarily built for use with two 
single hot-wire anemometers to enable the acquisition of spatial 
correlation data as described in Section 3.8. However, it was also 
used as an interface between the microcomputer and a 'Furness' low 
pressure transducer, Section 3.6, and can be used with other 
instrumentation, such as a crossed hot-wire probe, as described in 
detail in Fox (1986a).
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The mean pressure distributions on the surface of each model were 
measured by the use of pressure hole tappings arranged in the 
configurations described in Section 3.3. These were connected to the 
microcomputer through a Scanivalve and pressure transducer system, 
via an A/D converter, which enabled the user to monitor single 
surface locations as required. The associated software was developed 
at Surrey University, and details of its design and operation are
given in Savory (1984) and Savory (1985).
A general arrangement of the pressure measuring apparatus is shown in 
Figure 17. The model tappings were connected by short lengths of 1mm 
diameter rubber tubing to a 48-way Scanivalve switch mechanism, 
together with the total head from a freestream pitot-static tube. 
The Scanivalve movement to each pressure port was controlled by a 
subroutine in the software which enabled measurement of either the
freestream total pressure, Pj, or the local pressure at a specific
point on a model's surface, Pj_. A 'Furness' low pressure 
transducer, with an output voltage range of ±1 volt corresponding to 
ilOmmW.G., was used to determine the difference between the monitored 
Scanivalve port and the freestream static, P0 measured from a fixed 
pitot-static tube. The resulting analogue signal produced by the 
transducer of (Py-PoL or (Pl_~Po) was converted to a digital 
value by an interface device incorporating an A/D converter, 
Section 3.5, and was acquired in that form by the microcomputer. 
Prior to data collection, the system was calibrated against the 
freestream pitot-static tube, for a range of tunnel velocities, by
the use of a subroutine available in the software.
Values of the coefficient of pressure, Cp were calculated by the 
measurements subroutine from the mean of a user specified sample 
size, and in accordance with the formulae:-
3.6 Surface Pressure Measurements
C„ - PL - P°LP -------1 I I ^
2  */ °  0
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where 7  /o U0 is the dynamic head of the freestream. This system 
produced values of Cp with a repeatable accuracy of approximately 
1.5% (based on a sample size of 30,000).
In Section 3.3, the cylinders and bars used to form the perpendicular 
configurations examined in the current study were described. It was 
noted that only the horizontal model was pressure tapped, the
vertical being either a simple tube or bar. To enable measurement of 
the surface pressures on both members in the geometry it was
necessary to develop a technique based upon assumptions of symmetry. 
In the case of the intersecting model, the distribution recorded on 
the horizontal cylinder was assumed to be that also associated with 
the vertical, since both elements lay within the same Y-Z plane. 
However, the introduction of a displacement between the elements 
requires a more considered approach.
Figure 2 illustrates the displaced geometry used in the experiments, 
the vertical model was always regarded as upstream of the
horizontal. The distribution on the latter, downstream model, was 
measured directly. To determine that on the upstream model, the 
vertical element was placed downstream of the horizontal at the 
required displacement, and the distribution measured on the
horizontal model was then that of the upstream element.
This technique was considered valid since the low blockage and high 
aspect ratio of both models leads to a close approximation to 
symmetrical flow conditions. An assumption checked by velocity 
measurements made in the wake of both configurations (i.e. vertical 
upstream, then vertical downstream).
3.7 Mean Velocity and Turbulence Intensity Measurements
The measurement of velocity and turbulence parameters in highly 
complex flows requires the use of sophisticated experimental 
techniques. Apart from the laser doppler anemometer, the 
pulsed-wire anemometer is the only well developed instrument 
currently available for such uses, Bradbury and Castro (1971). A
1 2
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Pel a Flow Instruments pulsed-wire system was therefore used 
extensively in the present work. The operational principles of the 
probe and it's associated software have been described in detail by 
Savory (1984), therefore only a brief summary is presented here.
A general means of measuring fluid velocity is to time the passage of 
a marked particle between two points. The most convenient 'marker' 
in turbulent flows is a heated element of air, and this method is 
used in the pulsed wire probe illustrated in the sketch below.
The probe consists of two parallel, 5ym diameter sensor or 'receiver' 
wires, which operate as simple resistance thermometers. These are 
spaced equidistance from a perpendicular central wire of 9um 
diameter, which acts as the heat pulse generator or 'transmitter'. 
This central wire is heated rapidly by a voltage pulse of a few
micro-seconds duration at the precise time of measurement. The heat 
trace produced is convected away with a velocity similar to that of 
the airflow passing the probe as that moment. This 'package' of 
heated air is subsequently sensed by either the upstream, or
downstream sensor wires, and the time of flight of the trace is 
recorded. From several thousand such pulses in a turbulent flow, the 
tirne-averaged velocity components can be determined in the direction
of probe orientation, both in terms of magnitude and sign.
The time of flight (T) measured by the probe is related to the air 
velocity (u) by the empirical expression; u=A/T+B/T3 , where A and B 
are constants determined by calibration. However, in measuring this 
quantity the accuracy of the result is to some extent governed by the
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yaw response (i|>) of the probe. This is determined by the sensor wire 
spacing (x) and the pulsed wire length (i), such that 
)max = tan”1 U/x). For a standard probe, the yaw response, 
illustrated in Figure 18, normally extends to about 70°, and any 
velocity vectors outside of this range are not sensed by the wires. 
The yaw response deviates from an ideal cosine law, Figure 18, 
because the normalizing velocity is measured at zero yaw in the 
viscous wake of the upstream sensor wire and is, therefore, Tower 
than the actual velocity, Castro (1984).
To obtain velocity measurements at desired positions in the working 
section of the tunnel, the pulsed wire anemometer was mounted in the 
probe holder fixed to the 'sting' of the traversing mechanism, as 
shown in Plate 4. The layout of the associated interface unit and 
experimental apparatus are illustrated diagrammatical ly in 
Figure 19. Movement of the probe, and control of the data 
acquisition system, was by the microcomputer. An oscilloscope was 
used to monitor the output of the Pel a Flow Instruments interface 
unit to ensure a sensible sensor wire response to the flow 
conditions. The fixed pitot-static tube was used to check that the 
reference freestream velocity, U0 remained constant throughout the
experiments, and to provide calibration data.
The software provided with the Pel a Flow Instruments system has been 
modified for use within the Fluids Laboratory by Savory (1984). It 
consists of several different programmes arranged as subroutines
selected from a main "menu". These enable the user to inspect the
anemometer output, calibrate the two sensor wires individually 
against the freestream pitot-static tube, and to take velocity and 
tubulence intensity measurements in the flow. The latter option 
contains an automatic traversing routine, which enables movement of 
the probe over one, two or three-dimensional grids, the probe pausing 
after each specified increment to obtain data. The calculated mean
velocity and turbulence intensitites are output on the screen of the 
microcomputer, with a facility for transfer to paper and disk.
In the measurements made during the present work, the time taken for 
the microcomputer to acquire and analyse 10,000 samples was 
approximately 3.75 minutes.
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3.8 Spatial Correlation
Spatial correlation coefficients were determined from fluid 
velocities measured by the use of two constant temperature single 
hot-wire anemometers. These were both Pll type probes used in 
conjunction with individual DISA 55M10 units. The connection to the 
microcomputer was made through a two channel A/D converter interface 
constructed specifically for these measurements, as described- in 
Section 3.5.
A general arrangement of the apparatus used in the spatial 
correlation work is illustrated in Figure 20. One of the anemometer
probes shown was positioned at a selected point in the flow field
under consideration and remained stationary, whilst the other was 
attached to the 'sting' of the traversing mechanism for movement to 
the locations at which correlation was required. Each separate 
hot-wire system produced an analogue voltage with a value
proportional to the air velocity at the point of measurement, and 
this was converted to a digital value by the A/D converter interface 
prior to transfer to the microcomputer.
The software used for spatial correlation was developed during the 
course of this research. It is based upon a set of programmes
originally designed for use with a crossed hot-wire probe, 
Castro (1979). These were amended by alteration of both the BASIC 
and ASSEMBLER texts, as described in detail in Fox (1986b), and a 
brief summary of the main routines in the new software is given 
below.
The package contains programmes which enable inspection of the output 
range of each channel of the A/D converter, calibration of the 
amplifier in the A/D unit, calibration of the hot-wire anemometers, 
and collection of spatial correlation data. The procedures to be 
followed in the use of these routines when using the dual A/D 
converter unit described in Section 3.5 are given in Fox (1986a). By 
connecting the outputs of each probe to their respective inputs on 
the unit, amplifier gains and offset voltages can be selected to 
provide a full logic range of 0 to 1023 (10-bits) corresponding to 
the range of airspeeds to be encountered during the experiments.
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This is undertaken using the 'ADC Inspection' routine, and provides 
for the most efficient use of the 10-bits available in the conversion 
process.
Having selected the most appropriate values of gain and offset, the 
amplifiers are calibrated independently against an accurate voltage 
source. In this procedure, the digitized amplifier outputs of each 
channel are sampled separately by the software over a range of 
analogue input voltages, providing the programme with the operational 
values of gain and offset. Once this has been achieved, the two 
single hot-wire anemometers can be calibrated simultaneously for 
various tunnel airspeeds. The relationship between the electrical 
output of the device and the velocity is defined in the programme by 
Kings Law: E2 =A+Buri , where E is the probe output, u is the air 
velocity measured at the pitot-static tube, and A and B are 
constants determined by a least squares fit to the obtained 
calibration data with a value for exponent n of 0.45.
The constants obtained from the amplifier (gain and offset) and 
hot-wire (A and B) calibrations are used to create "look-up" tables 
within the computer memory. These represent lists of values for the 
mean velocities corresponding to the range of logic numbers 
associated with each channel. During subsequent measurements, the 
sample taken of the digitized probe output from each instrument acts 
as a pointer to the appropriate velocity in the memory. The acquired 
value is then used in the calculation of the spatial correlation 
coefficient. This method utilizes machine code (ASSEMBLER) 
programming techniques, which are considerably more efficient than 
calculating the velocity of each sample in turn from calibration 
equations.
The spatial correlation function used in the calculation routine is 
of the form:-
r u
J  u{2 .J U22
where u{ and U2 are the instantaneous u-component velocity 
fluctuations measured simultaneously at two separate points in the
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flow field. Each term in this expression is evaluated by the 
programme from a series of samples of the instantaneous u-component 
of velocity, u measured with the hot-wire anemometers.
Let us consider the numerator, u{ .u2
Given u' = u-u implies u = u' + u
then Uj .u2 = (ux + u{ ) (u2 + u2 )
ui *u2 = ui ."u2 + u[ .u2 + Hi .u2 + u( .u2
and Uj .u2 = ui .u2 + u{ .lT2 + Ui .u2 + u{ .u2
ux .u2 = ui .u2 + ui .u2 + Ui • u2 + ui.u2
By definition u{ = u2 = 0
ux .u2 = Ui .u2 + u{.u2
giving u{ .u2 = u{Tu2 - U]_ .u2
The value of the numerator is therefore obtained from several samples 
of the instantaneous velocities ux and u2 by determining the mean
product ux .u2 , i.e. Ui .u2 , and the product of the means ux and u2 ,
i.e. Gx .u2 . These means are obtained by the use of stores within the 
computer memory which correspond to Iui, £u2 , and £ui.u2 .
A similar approach is used to obtain u' 2 at each location
Given u = u' + u then,
u2 = (u' + u )2 = u2 + 2u.u/+ u/2
and u2 = (u' + u )2 = u2 + 2u.u' + u' 2
u2 = u2 + 2u.u/' + u/2
-  6 8  -
By definition u' = 0 
u2 = u2 + u/2 
giving u/2 = u2 - u2 
Hence, u{2 = u2 - u2 and u22 = u2 - u|
The values of u2 , u2 , uf and ti| are again determined by the use of
stores within the computer memory, several samples being obtained
for I ui» I u2> I ui » and I u2 - Thus, to calculate the value of the
spatial correlation coefficient, Ru , the programme determines the 
quantities u1s u2 , u^  , u2 and uTj .u2 , from the following stores
which are created in machine code:- 
l u, , Iu2 , lu\ , I u\ and Iu, .u2
and performs the final arithmetic in the BASIC text. Further details
can be found in Fox (1986b).
As well as undertaking data acquisition and analysis, the 
measurements routine in the software allows the user to control the 
movement of the 'mobile' probe. An automatic traverse and sampling 
routine can be used to specify an overall traverse length, together 
with the size of individual increments, direction of movement, and 
number of samples to be taken. The probe then moves over the 
specified length and pauses for measurements at selected locations. 
Having obtained the samples and performed the arithmetic, the value 
of the spatial correlation coefficient is output against probe 
location before the next increment is made. A sample size of 10,000 
was used in the current research, giving a 67 second pause at each 
measurement position.
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The pulsed wire anemometer described in Section 3.7 was used to 
obtain the velocities used in the calculation of autocorrelation 
coefficients, and the associated apparatus was therefore arranged as 
shown in Figure 19 for the collection of mean velocities and 
turbulence intensities. Control of the system, data acquisition and 
analysis was performed by the microcomputer through software supplied 
by Pela Flow Instruments Ltd.
The autocorrelation function considered by Castro (1985) in the 
development of the software was the standard relationship:
X N-m
R (nttx ) = jj- I Uh .Un+m (m = 0, 1, 2  M, M «  N)
n =1
where the function can be estimated from N data values of a 
periodically digitized signal, At is the time between successive
samples, and m is the leg time. However, in the case of on-line
correlation measurements, the use of such a relationship would 
require an extensive storage capacity if a valid sample size is to be 
used. Instead, a series of blocks of data are taken, each of N
samples, R ( t ) being updated after each block, and the
autocorrelation function becomes:-
4 K
R (rmx) = -  I u0.um (m = 0, 1, 2,---- , N-l)
k=l
where K is the number of blocks.
This relationship reduces the required number of multiplications to 
be performed by the microprocessor, R(x) being updated for each m 
after every block of N samples has been obtained. The value of R(x ) 
is also normalized within the programme by subtracting the square of 
the mean velocity and dividing by the mean square;
3.9 Autocorrelation
R (x ) = (R (x ) —  u2 )/u' 2
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The PET software supplied by Pel a Flow Instruments to acquire the 
data and perform these calculations, Pela Flow Instruments (1984), 
does not include routines for either calibrating the pulsed wire, or 
traversing the probe to measurement locations. In order to achieve 
these operations, the standard pulsed-wire software package described 
in Section 3.7 for mean velocity and turbulence measurements was 
used. After calibration of the probe, the obtained constants were 
input into the autocorrelation programme for creation of the velocity 
"look-up" tables.
Having constructed the "look-up" tables, the next stage is the 
creation of an ordered sequence of delay times to be used in the 
pulsing of the anemometer for each block of data. This sampling 
sequence is based upon an algorithm which is arranged in such a way 
that all the specified lag contributions are present, but the 
sampling period is kept to a minimum. For this purpose the user is 
required to specify the time increment between successive lags and 
the total number of autocorrelation values to be measured. The 
latter must include all of the values which cannot be measured by the 
probe because they have times shorter than the minimum delay of the 
instrument. This value is also specified by the user, and in the 
current system it must be greater than 7mSec to ensure that the 
sensor wire temperature falls back to ambient before the next pulse 
is fired. Having received these parameters, the software determines 
a sequence of delay times and sample pair indices for each cross 
product using the algorithm. The result being the number of 
samples/block and the nominal sampling times (in mSec). If the user 
is satisifed with this sequence it is loaded into the appropriate 
part of the programme memory, and autocorrelation measurements are 
undertaken.
The autocorrelation routine requires a reference velocity for use in 
non-dimensionalizing the data. This quantity can be either specified 
by the user, or measured directly by the pulsed-wire anemometer 
through a separate subroutine. It is also necessary to input minimum 
and maximum velocities to the programme, and these ensure that 
spurious values of the 'time of flight' recorded by the system are 
rejected in the autocorrelation calculations. Finally, the user 
defines the number of blocks of data to be collected for each value
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of the coefficient. In this respect, it was found in the current 
work that 10,000 blocks gave a reasonably smooth autocorrelation 
curve, and when combined with a sequence of sample times based on 128 
lags of lmSec and a minimum delay of 8mSec, a collection period of 
approximately l1 /2 hours resulted.
Having sampled the flow for the number of data blocks required, the 
software outputs the lag times and corresponding autocorrelation 
coefficients, together with the mean velocity and turbulence 
intensity recorded at the probe location. This information is 
displayed upon the screen of the microprocessor, with a facility for 
transfer to paper and disk storage.
3.10 Summary
This chapter has described the wind tunnel, models, instrumentation 
and software employed in the current study. A detailed description 
was given of the design principles and construction detaiIs of a two 
channel analogue to digital converter unit developed during the 
course of research.
The following chapter describes the experiments undertaken in the 
preliminary study and discusses the results with regard to their 
implications for the main work. The investigation involved an 
examination of the use of end plates to two-dimensional ize the flow 
conditions around a single bar, and a limited study of the flow 
associated with perpendicular members either intersecting in the same 
plane, or in contact at the point of intersection.
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CHAPTER FOUR 
PRELIMINARY STUDY
4.1 Introduction
The review of previous work involving the flow regimes associated 
with bluff bodies arranged in perpendicular configurations, 
Chapter Two, has shown that most of the available information is
related to geometries composed of circular cylinders intersecting in
a single plane. Limited details of the disturbance created by 
cylinders arranged one behind the other, with a point of contact at 
the centre of the geometry, were also cited. However, no previous 
study was found in which similar perpendicular configurations were 
examined when composed of square bars. Since this section type, and 
that of the circular cylinder, form the perpendicular geometries of 
the present research, it was considered necessary to perform a
preliminary study to both corroborate the results of previous workers 
with regard to perpendicular cylinders, and to provide a comparison 
with the same geometries when composed of square bars.
The preliminary experiments involved the measurement of mean pressure 
distributions on the surface of models composed of either two
cylinders, or two bars, arranged perpendicularly with both members 
intersecting in the same plane, or with both members displaced to 
form a point of contact at the centre. The results of these tests 
enable an assessment to be made of the general characteristics of the 
flow regime at the surface of the individual members in each 
configuration. In addition, drag coefficients were calculated from 
the data, and these provide details of the spanwise variation of wind 
loading.
In this preliminary study, and in the main investigation, each 
perpendicular geometry was considered as isolated within a uniform 
flow, a concept implying that the individual members comprising the 
configuration are infinitely long. However, within the confines of a 
wind tunnel the length of each member is limited to the working 
section dimensions, and consequently the models are not truly 
isolated. It was therefore considered necessary to carry-out an 
initial investigation, as part of the preliminary study, to determine
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whether end plates could be used to artificially produce an isolated 
geometry. An account of these experiments forms the first section of 
this chapter.
4.2 The Use of End Plates with a Square Sectional Bar
4.2.1 Introduction
If a body is mounted within a wind tunnel in such a way that it 
either passes through, or is fixed to, a wall, then a three-
dimensional disturbance is generated at the point of intersection.
In the case of models that span the working section, such as the
cylinders and bars of the current study, this disturbance results in 
a pressure gradient along the trailing surface. This is
characterized by a maximum suction at the centre of the span (Section 
2.2.3), and by secondary flows which destroy the otherwise 
two-dimensional conditions. In the experiments involving
perpendicular configurations, these interference effects complicate 
the analysis of the resulting flow regime, and it was therefore
considered necessary to attempt to reduce the disturbance at the rear 
of each model.
The review of previous work in Section 2.3 suggests that end plates 
should be employed to eliminate the secondary flows responsible for 
these interference effects. However, reference to the literature 
cited reveals a lack of information with regard to the influence that 
the aspect ratio of plate spacing has on the spanwise distribution of
base pressure. Since this quantity is measured extensively on the
surface of the perpendicular members in the current work, the 
experiments discussed in this section of the preliminary study were 
devised to determine the relationship between aspect ratio and base 
pressure. '
The investigation began with an examination of the square bar and, 
following the conclusions of these tests, it was considered 
unnecessary to perform similar experiments with the circular 
cylinder.
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4.2.2 Experimental Measurements
Mean pressure distributions were measured on the surface of a square 
bar, with and without end plates fitted, in a uniform airflow at a 
Reynolds number of 2 x 10^, based on a freestream velocity of lO.Om/s 
and a section depth of 30mm. The experiments involved the use of a 
pair of end plates, Section 3.3.3, with dimensions greater than those 
defined as the minimum in E.S.D.U. 80024 (1980), and the variation of 
the aspect ratio over the range; 10 < A.R. < 25 (A.R. = span of model 
between end plates/section depth of model).
The distributions are presented in the form of non-dimensional 
pressure coefficients represented by the relationship;
Cp = (pL ~ p0>
l / ° Uo
where P[_ and’ P0 are the local surface and freestream static 
pressures respectively, ~  /o U2 is the freestream dynamic pressure, 
all of which were obtained by the method described in Section 3.6.
The pressure coefficients were recorded along the base centre-line of 
the bar, Cpb, and are plotted against the non-dimensional spanwise 
location, Z/D, where D is the section depth of the model. Since the 
blockage percentage associated with the 30mm bar is low, 2.2% 
(Section 3.3), and the correpsonding correction calculated in 
accordance with E.S.D.U. 80024 (1980) is only 0.03, for the purpose 
of this initial investigation it was considered unnecessary to apply 
the correction to the data.
4.2.3 Discussion of Results
The spanwise distribution of the coefficient of base pressure 
measured on the 30mm square bar when end plates were not fitted is 
shown in Figure 21. This exhibits a profile with characteristics
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similar to the base pressure distribution measured on a 51mm square 
bar by Obasaju (1977). which is also shown in the figure. The 
numerical difference between the value of Cp recorded at each 
spanwise location is probably due to the difference in the aspect 
ratio and blockage percentage associated with each set of experiments 
(18 and 5.5% respectively in the case of Obasaju (1977), compared 
with 36 and 2.2% in the current study). However, despite these 
differences, in both distributions the disturbance to the flow 
conditions caused by the secondary flow along the trailing surface is 
clearly illustrated in the pressure gradients, which are 
characterized by a peak suction at the centre of the span and higher 
pressures near the wall of the wind tunnel.
The spanwise distributions of the coefficient of base pressure 
measured on the 30mm square bar when end plates were fitted for the 
range of aspect ratios examined are presented in Figure 22. These 
provide an indication of the effectiveness of the plates at each 
spacing, it being assumed that a constant (or level) distribution 
results when two-dimensional conditions are present in the wake. In 
this respect, it is evident from the distributions that the plates 
prevent the secondary flow interference identified at the trailing 
surface in Figure 21. However, the two-dimensional conditions 
indicated by the region of constant base pressure are confined to a 
central portion of the span, and there is a critical aspect ratio of 
approximately 10, below which the flow between the plates becomes 
highly disturbed.
Providing the aspect ratio is above this critical minimum, the 
spanwise distribution of base pressure exhibits two distinct 
regions which are illustrated in the sketch below.
Cp b
H-------------------- Span between plates — --------------
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Region (a) is the result of a disturbance caused by the plates 
themselves, and is similar in character to the distortion of base 
pressure found on the rear of a cylinder fitted with end plates, 
Stansby (1974). In the latter case, this interference effect has 
been found to reduce the Strouhal number recorded in the wake by 
10-15% in proximity to the plates, Gerich and Eckelmann (1982). 
Region (b) illustrates the constant base pressure distribution that 
the plates have been employed to produce.
The presence of these distinctive regions brings into question the 
nature of the flow regime in the wake of a model fitted with end 
plates. Although the constant base pressure distribution of 
region (b) indicates that two-dimensional conditions exist over the 
central portion of the span, the pressure gradients in the 
interference regions suggest a three-dimensional movement of air 
adjacent to the rear of the bar. The extent of this secondary flow 
in the immediate wake can be assessed from region (a), which covers a 
length of bar dependent upon the plate spacing. Gerich and 
Eckelmann (1982) observed that the proportion of a cylinder effected 
by a similar disturbance varies over 6 to 15 diameters from the 
plates with changes in the aspect ratio of separation. However, this 
distortion of the flow conditions may propagate spanwise with 
distance downstream of the model and produce interference effects 
across the whole wake.
If one assumes that the constant distribution of base pressure in 
region (b) is associated with a degree of two-dimensionality in the 
immediate wake, then one is attempting to maximize this in the use of 
the plates. To do this, the results in Figure 22 indicate that the 
largest possible aspect ratio should be used, since with increasing 
plate separation there is an increasing spanwise length of constant 
base pressure. The maximum extent of the latter was found in these 
experiments to be eight section depths of the span when the aspect 
ratio is 25.
The occurrance of the critical minimum value of approximately 10 
appears to be related to the disturbance caused by the plates. At 
this spacing, the spanwise distribution presented in Figure 22 does 
not exhibit a central region of constant base pressure. Instead, the 
regions of interference associated with each plate merge and cause a
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disturbance to the flow conditions at all spanwise locations between 
the plates. This probably results in a breakdown of the vortex
shedding process, as was found to be the case in the wake of a normal 
flat plate fitted with end plates at an aspect ratio of 5:1, Donoso 
(1980).
Although a minimum critical value of plate spacing was determined
from these experiments, it was not possible to define a critical
spacing for the "locking-on" phenomena observed with other section 
types, Section 2.3. To detect such a phenomenon requires the 
measurement of fluctuating quantities beyond the scope of this
initial investigation.
4.2.4 Conclusions and Implications for the Main Study
The experimental investigation reported in this section of the 
preliminary study determined the effect of end plate spacing upon the 
base pressures measured on a square bar. The two main conclusions 
are as follows:-
(a) There is a minimum value of aspect ratio below which a 
breakdown of the flow conditions between the end plates
occurs.
(b) That, providing the aspect ratio is above this critical 
minimum, the spanwise distribution of base pressure exhibits 
a distinct region of interference adjacent to the plate,
and an increase in suction to a constant value of Cpb over
the central portion of the span.
The region of constant base pressure distribution was found to occupy 
a length of span which was dependent upon the aspect ratio of plate 
separation. This reached a maximum of eight section depths when the 
plates were at a spacing of twenty five, which represents 22% of the 
model's span. Thus, 78% of the bar was subject to the interference 
effects induced by the plates themselves, and it is assumed that a 
similar result would be found if the cylinder were examined. The 
experiments to determine the nature of the gross disturbance to flow 
created by a perpendicular configuration required base pressure
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measurements over more than 22% of the thirty six section depths of 
available span (initially 45% of the model span was investigated, 
that is ten section depths either side of the centre-line). This 
problem, together with the observation that the spanwise distribution 
of base pressure obtained without plates, Figure 21, exhibits less 
severe interference effects than that associated with plates, Figure 
22, led to the decision to perform the investigation of perpendicular 
geometries without end plates.
4.3 Perpendicular Cylinders and Bars Intersecting in the same Plane 
or in Contact at the Centre
4.3.1 Introduction
Having determined, through the experiments of the previous section, 
that end plates would not be used in the current study, the next 
stage in the preliminary work was a Limited investigation of the 
surface flow regimes associated with perpendicular configurations 
composed of intersecting members, or members in contact at the 
centre. This was achieved by the measurement of mean pressure 
distributions along the span of each model, and around the 
circumference of each section type at selected spanwise locations. 
The purpose of these experiments was to corroborate the results of 
previous work, in which circular cylinders have been considered when 
arranged in these geometries, and to establish a comparison with the 
flow regimes that occur when square bars are used to form the same 
configurations.
4.3.2 Experimental Measurements
Mean pressure distributions were measured on the surface of 
perpendicular configurations composed of members intersecting in a 
single plane, and members in contact at the centre, the members being 
either two circular cylinders or two square bars. Each test was 
performed in a uniform airflow at a Reynolds number of 2 x 10u , based 
on a section diameter of 30mm and a freestream velocity of lOm/s. 
The distributions were measured over one arm of the intersecting 
geometry, and half the span of the upstream and downstream members
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of the displaced model, by the method described in Section 3.6. The 
pressures are presented in the form of non-dimensional coefficients, 
Cp (Section 4.2.2), and have not been corrected for the effects of 
blockage.
Corrections for blockage can be readily applied to single models of 
basic cross-sectional geometry through the use of Maskell's theory in 
accordance with E.S.D.U. 80024 (1980). These calculations are based 
upon a consideration of the area occupied in the freestream by the 
body and its associated wake. It is not, at present, possible to 
estimate accurately these parameters with regard to the complex 
bodies and wakes involved in the perpendicular configurations of this 
study. Consequently, corrections have not been applied to the data. 
However, it is noted that the individual members within each 
configuration have blockage percentages below 3%, a value which- 
attracts a correction in the single cylinder/bar case of 0.04.
The pressure coefficients recorded along-the base centre-line of each 
model, Cpb, are plotted against the spanwise location, Z/D, and 
those recorded around the circumference of each section, at various 
spanwise positions, are plotted against tapping location on a 
developed section. For- the purpose of comparison, in each case 
coefficients are plotted to represent the corresponding values 
measured on a single member in the same test rig.
The separation angle on the surface of the circular cylinder was 
estimated from the circumferential pressure distribution by using the 
construction illustrated below, which was based upon that suggested 
by Niemann (1971) for hyperbolic cooling towers.
Cp C p
-Cp
NIEM ANN (1971 ) P R ESEN T  WORK
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Since Niemann's construction assumes a constant wake pressure, a 
feature which does not apply in the case of the smooth circular 
cylinders examined in the current study, the method was modified as 
shown in the sketch . This technique was considered adequate for the 
purpose of relative comparisons within the present work.
The "local" pressure drag force is expressed as a non-dimensional 
coefficient per unit length, such that:
^  _ Drag Force 
D. 1 / , U ’
1 2
where y  is the freestream dynamic pressure and D is the
diameter or section depth of the model.
This coefficient was determined at various spanwise locations from 
the circumferential pressure distributions measured on the surface of 
each member. With regard to the square sectional bar, the 
calculation was performed by intergration of the pressure 
distributions on the front and rear surfaces, the contribution to the 
form drag of the side faces being regarded as negligible, through the 
following expression:
1 ^2 1 ^ 2 
Coefficient of "local" drag Cp = _  / Cp dy - -L / Cp dy
per unit length, ‘ D “ D/2 D ~D/z
(Front Face) (Rear Face)
For the circular cylinder, the form drag coefficient was obtained by 
numerical integration of the base pressure distribution in accordance 
with the relationship;
Cg = Cp cos e de
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The results of the experiments carried-out in this section of the 
preliminary study are discussed in detail below, the intersecting 
geometry being considered first, followed by the case of members
forming a perpendicular configuration with a point of contact et the 
centre.
The spanwise distribution of base pressure measured on the surface of 
a single arm of the intersecting circular cylinders is shown in 
Figure 23. From this it is clear that a gross disturbance to the
flow conditons occurs in close proximity to the intersection. In 
this region the coefficients of pressure have values considerably 
higher than those found on the base centre-line of the single
cylinder. For example, at the centre of the geometry, a 58%
reduction in suction is evident in the value of Cpb - -0.52, when 
compared with Cpb = -1.24 measured at the corresponding location on 
the single cylinder. With increasing spanwise distance away from the 
intersection, the base pressure is reduced to a local peak in 
suction, Cpb = -0.9, at two diameters from the centre. This is
followed by a slight rise in pressure to Cpb = -0.84 at four
diameters, and then a continuous decrease to the corresponding single 
cylinder values, the difference at ten diameters being only 8% 
in Cp .
This variation in base pressure suggests that the interference to the 
flow conditions at the surface of the geometry is largely confined to
an inner region within two diameters of the centre. The flow regime
in the outer region beyond this being only slightly disturbed.
Indeed, this is confirmed in the circumferential pressure
distributions measured in the current study and, as such, 
corroborates the work of both Osaka et al (1983a) and 
Zdravkovich (1985).
The circumferential distributions of surface pressure recorded around 
the cylinder at spanwise locations in the outer region; Z - 10D, 
Z = 5D, and Z = 2.5D, are shown in Figure 24. All three curves are
similar in shape to that obtained at the centre-line of the single
cylinder and, therefore, exhibit characteristics indicative of vortex 
shedding in the upper subcritical Reynolds number range
4.3.3 Discussion of Results
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(Section 2.2.2). The separation is laminar at all three locations, 
with 0 s in the range 80°-90° , and this suggests the presence of an 
approximately straight separation line on the cylinder's surface for 
Z > 2.5D. In the case of the distribution recorded at ten diameters 
from the intersection, the values of Cp are almost identical to 
those found on the single cylinder at the same location, whereas the 
two curves recorded at Z = 5D and Z = 2.5D exhibit a greater degree 
of interference to the wake pressures. This is consistent with the 
spanwise base pressure distribution of Figure 23, and is reflected in 
the local drag coefficients presented in the table below.
Intersecting Circular Cylinders
Coefficients of 
"local" Drag, Cp
SPANWISE LOCATION
Author Re Blockage Z = 2.5D Z = 5D Z = 10D
CURRENT WORK 2xltf* 5% 1.01 0.98 1.08
OSAKA et al (1983a) 0.8x10“* 2.5% 1.01 0.95 —
The table shows that although the coefficients recorded in the region 
2.5D < Z < 10D have values of a similar order to that at the
centre-line of the cylinder, Cp = 1.22, they exhibit a spanwise 
variation with a minimum of Cp = 0.98 at five diameters from the 
intersection. A similar result was found by Osaka et al (1983a) in 
measurements extending up to eight diameters, Section 2.4.2. In 
their study, a spanwise variation was found with a distinct minimum 
in local drag at Z = 5D, and the corresponding values are presented 
in the table above to emphasize the similarity between these two sets 
of data.
Although the results for the outer region indicate a minimal 
interference to the flow conditions, the base pressure distribution 
of Figure 23 suggests the presence of a secondary flow at the surface
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of the cylinder at all the spanwise locations observed. This is 
evident in the pressure gradient, which is particularly steep in the 
inner region. However, beyond the peak in suction at Z = 2D the 
gradient is considerably reduced and, therefore, a much weaker 
spanwise movement of fluid occurs. This is evidently not sufficient 
to destroy the vortex shedding process at locations in the outer 
region.
Donoso (1983) observed similar changes in the pressure gradient at 
spanwise locations on the rear of intersecting flat plates and 
deduced that a pair of counter rotating vortices, one on each side of 
the base centre-line, are generated at the transition between these 
two distinct regions (Section 2.4.3). Thus, it may be assumed that 
the peak suction recorded at Z - 2D in Figure 23 is associated with 
the formation of such vortices at the surface of the cylinders in the 
current study. Indeed, this is compatible with the experiments 
performed by Zdravkovich (1985).
From measurements of the mean pressures on the surface of 
intersecting cylinders, Zdravkovich (1985) determined a local maximum 
in the drag coefficient at Z = 1.5D, a result also found by 
Osaka et al (1983a), Section 2.4.2. This feature was coincident with 
the spanwise location of the minimum value of Cp recorded on the 
circumference of the cylinder, and was attributed to the presence of 
vortices with secondary flows outwards from the centre of the 
intersection. Zdravkovich (1985) confirmed the existance of this 
regime by oil film visualization of the corresponding surface flows.
Although the region of maximum disturbance was found in the current 
study to be largely confined to spanwise locations within two 
diameters of the intersection, it has been shown that the vortices 
generated by intersecting cylinders expand considerably in the wake. 
In Section 2.4.2 it was noted that from measurements of vorticity at 
twelve diameters downstream, Osaka et al (1983a) determined two 
secondary circulations in each quadrant of the geometry. These 
covered a plane five diameters square with an origin on the X-axis. 
Further downstream, at thirty diameters, they found secondary flow 
vectors indicating that the vortices occupied a similar plane ten 
diameters square.
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Having corroborated the work of previous authors with regard to 
intersecting circular cylinders, it is now possible to establish a 
comparison with the results for the same geometry composed of square 
bars.
The spanwise distribution of base pressure measured on the surface of 
a single arm of the intersecting square bars is shown in Figure 25. 
This can be divided into similar inner and outer regions dependent 
upon the degree of interference to the flow conditions around the 
bar. In the inner region, the gross disturbance to the surface flow 
produces a 56% reduction in suction at the centre of the span 
compared with the single bar. This corresponds to the 58% reduction 
found at the same location on the intersecting circular cylinders. 
With increasing spanwise distance along the arm of the geometry, the 
pressure decreases to a peak in suction of Cpb = -1.18 at about two 
section depths, followed by a slight rise in pressure to 
Cpb = -1.06 at Z = 4D. Although this feature is coincident with 
that found on the circular cylinder, the peak in this case is more 
pronounced and results in a larger spanwise pressure gradient.
An increase in the pressure gradient relative to that of the 
cylinders was also found in the outer region, where the suction 
increases spanwise to values of Cpb corresponding to those of the 
single bar. This might be expected to result in a significant 
disturbance to the flow conditions in the wake. However, the 
circumferential pressure distributions measured at Z = 10D, Z = 5D, 
and Z - 2.5D, Figure 26, suggest that the interference to vortex 
shedding in this region is minimal. In this respect the distribution 
measured at ten diameters from the centre of the intersection is 
almost identical to that found at the corresponding location on the 
single square bar, and the distributions at Z = 5D and Z = 2.5D 
exhibit similar characteristic shapes. The most significant
interference effect is a slight increase in the values of Cp over
the side and rear faces. Such increases in mean pressure have been
attributed, in the case of a single bar, to a downstream movement of 
the vortex formation region, as described by Bearman and
Trueman (1972), Section 2.2.3.
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These surface pressure changes are reflected in the spanwise 
variation of the "local" drag coefficient shown in the table below:
Intersecting Square Bars
Spanwise Locations Z = 2.5D Z = 5D Z = 10D
Coefficient of "local" 
Drag, Cp
1.99 1.94 2.12
The coefficients exhibit a spanwise variation which is similar to 
that associated with the intersecting cylinders. In this respect, 
each value is of the order of that found at the centre of a single 
square bar, Cp = 2.25, and the minimum recorded was Cp » 1.94 at 
Z = 5D. At the spanwise location ten diameters from the centre, 
where the flow conditions are relatively undisturbed, the coefficient 
is 98% of that found at the corresponding position on the single 
bar, Cp = 2.16.'
Although there are, at present, no previous studies of the flow 
regime around intersecting square bars available to corroborate these 
results, Chapter Two, the discussion above has identified the main 
characteristics as being comparable with those associated with 
intersecting circular cylinders. Having established this 
comparison, the rest of the preliminary study was concerned with an 
examination of the flow around perpendicular cylinders and bars 
forming a point of contact at the centre of the configuration.
The spanwise distribution of base pressure measured on the surface of 
the upstream circular cylinder is shown in Figure 27(a) (for the 
purpose of analysis, it is assumed that the value of Cpb at the 
precise point of contact between the two cylinders is zero). At 
spanwise locations beyond the centre of the geometry, the pressure 
decreases rapidly to a sharp peak in suction of Cpb = -1.26 at 
Y = 1.75D. This is followed by a 35% reduction in suction to 
Cpp = -0.82 at Y = 5D, which enhances the peak, and then a steady 
decrease in pressure spanwise towards Cpb values corresponding to
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those found on the single cylinder. The peak suction at Y = 1.75D is 
approximately coincident with that found at two diameters from the 
centre of the intersecting cylinders, Figure 23, and is the result of 
a similar flow regime characterized by an inner region of highly 
disturbed conditions. The associated pressure gradient illustrates 
the presence of a strong secondary flow away from the centre of the 
geometry towards the suction peak. Indeed, this was found to be the 
case in flow vizualization experiments performed by Zdravkovich 
(1983) on the surface of a similar configuration, the results of 
which are illustrated in Section 2.4.2. These revealed the existence 
of two intense vortices, one on either side of the base centre-line, 
generated from the upstream circular cylinder on both sides of the 
point of contact. The positions of the centres of these vortices was 
estimated by Zdravkovich (1983), from surface pressure measurements 
in the region Y < 2D, to be at 6 = 90° and one diameter from the 
point of contact, Y - ID.
The pressure gradient beyond Y = 5D suggests that the spanwise 
secondary flow is considerably reduced, and that there is only a 
slight disturbance to the surface flow regime of the cylinder in the 
outer region. This is evident in the circumferential distributions, 
Figure 28, which all display profiles similar to that recorded on the 
single cylinder. The small changes in pressure that do occur as a 
result of the secondary flow effect the “local" drag coefficients as 
shown in the table below. These exhibit a similar variation to that 
found on the intersecting cylinders.
Upstream Circular Cylinder
Spanwise Location Y = 2.5D Y = 5D
oor—i 11 
>-
Coefficient of "local" 
Drag, CD
1.16 0.96 1.02
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The coefficient recorded at ten diameters from the point of contact,
Cp = 1.02, is 9% less than that measured at the corresponding
location on the single cylinder (Cp - 1.12). This implies that the
degree of disturbance at this position is greater than that found to
be the case with the intersecting cylinders, where the drag at ten
diameters was reduced by 4% of the corresponding single cylinder 
value.
The spanwise distribution of base pressure recorded on the surface of 
the downstream cylinder is shown in Figure 27(b). Although initially 
this appears to have a profile similar to those already described on 
both the upstream cylinder and the intersecting cylinders, closer 
inspection reveals two significant differences. These are that the 
position of peak suction is closer to the centre of the span, at 
Z = 0.5D, and that the pressure gradient is considerably reduced in 
the inner region of Z < 0.5D. These differences are associated with 
the existence of a different flow regime around the cylinder , the 
nature of which appears to be similar to that found in the work of 
Zdravkovich (1983). From his measurements of the mean pressure 
distribution on the downstream cylinder in the region Z < ID, and 
surface flow vizualization experiments, a horseshoe vortex flow 
pattern was deduced. This involved the generation of two such 
vortices, one from each side of the point of contact, by the 
mechanism described in Section 2.4.2, and these remain attached to 
the surface of the downstream cylinder as they converge in the
immediate wake. Consequently, the inner region of the disturbance to 
the flow conditions is restricted to a shorter proportion of the
span. However, although the latter is evident in the base pressure
distribution of Figure 27(b), these measurements alone were not 
sufficient to confirm the flow pattern proposed by 
Zdravkovich (1983).
In the outer region, beyond this disturbance, the base pressures 
suggest that the quasi two-dimensional conditions associated with a 
single cylinder dominate the wake. This is confirmed by the 
circumferential distributions measured at Z = 2.5D, Z = 5D, and 
Z = 10D, Figure 29, which exhibit profiles with characteristics 
typical of vortex shedding in the upper subcritical Reynolds number 
range. The corresponding "local" drag coefficients are shown in the 
table below:-
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Downstream Circular Cylinder
Spanwise Location Z = 2.5D Z = 5D Z = 10D
Coefficient of "local" 
Drag, Cp
0.93 0.98 1.06
The spanwise variation of these drag coefficients is different from 
that associated with the upstream cylinder and the intersecting 
cylinders. In the latter cases the minimum recorded value was that 
at Z = 5D, whereas in these measurements the minimum of the three 
coefficients is Cp = 0.93 at Z = 2.5D. However, the value recorded 
at ten diameters, Cp = 1.06, is evidence of the minimum disturbance 
to flow conditions at that location, it being only 5% lower than the 
corresponding single cylinder value (Cp = 1.12).
The spanwise distribution of base pressure measured on the upstream 
member of the same perpendicular configuration composed of two square 
bars is shown in Figure 30(a) (the pressure at the surface of contact 
is assumed to be zero). In this case, the suction peak of 
Cp = -1.3 at Y = 2D indicates the presence of secondary flows in
the inner region similar to those already discussed with regard to
the intersecting bars. However, the outer regions appears to be
considerably more disturbed than has been found in the previous 
geometries, and this is also observed in the circumferential
distributions of Figure 31. These show that vortex shedding at
spanwise locations Y> 2.5D is not as clearly discernible in the
surface pressures as previously noted in the outer regions of the
cylinder configurations and the intersecting square bars. This is
particularly evident in the pressures recorded at Y= 2.5D, where the 
chordwise and rear face distributions are almost constant, and the 
base pressure is not as pronounced as that on the surface of a single 
bar. However, despite this increased disturbance to the flow
conditions, the "local" drag coefficients shown in the table below 
exhibit similar trends to those already identified in the work on 
intersecting bars and cylinders.
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Upstream Square Bar
Spanwise Location Y = 2.5D Y = 5D Y = 10D
Coefficient of "local" 
Drag, CD
2.07 1.94 2.07
The coefficients have values of a similar order to that associated 
with the centre-line of the single bar, Cg = 2.25, and the minimum 
recorded was that of Cg = 1.94 at Y = 5D. The "local" drag at ten 
diameters from the point of contact has a value 95% of that found at 
the corresponding location on a single bar, Cg = 2.16.
The spanwise distribution of base pressure recorded on the downstream 
square bar is shown in Figure 30(b). This is significantly different 
to that associated with the downstream circular cylinder, and does 
not exhibit a distinct peak of suction adjacent to the centre of the 
span. Instead, the pressure is constant at Cpb = -0.92 in the 
region Z < ID, and is seen to continuously decrease spanwise to 
Cpb = -1.43 at Z = 8D. Consequently, there is no evidence in this 
data to suggest the generation of either longitudinal vortices, or 
horseshoe vortices, at the rear of the downstream bar, in proximity 
to the point of contact. In this respect, the result is similar to 
that found by Donoso (1980) on the downstream member of a pair of 
perpendicular flat plates (Section 2.4.3).
The spanwise distribution described above indicates that a 
disturbance to the flow conditions around the bar occurs over much of 
the span, and this can be assessed from the circumferential pressure 
distributions of Figure 32. At two and a half diameters from the 
centre-line, the chordwise mean pressures decrease continuously 
towards the trailing edge, and the distribution on the rear face is 
almost constant, with no peak suction at the base. At five 
diameters, the chordwise pressures are still significantly distorted,
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but the rear face pressures show a profile similar to that of a 
single bar. However, in the outer region, at ten diameters from the 
centre, both the chordwise and rear face pressures have 
characteristics associated with vortex shedding in the wake. This 
spanwise variation of the flow conditions effects the corresponding 
drag coefficients, and these are shown in the table below.
Downstream Square Bar
Spanwise Location Z = 2.5D Z = 5D Z = 10D
Coefficient of "local" 
Drag, Cp
1.89 2.02 2.20
Despite the difference in the base pressure distributions, these 
exhibit a similar spanwise variation to those obtained on the 
downstream circular cylinder, with the minimum value recorded being 
at Z = 2.5D. However, in this case the coefficient recorded at ten 
section depths from the centre-line is 2% greater than the 
corresponding single bar value.
4.3.4 Conclusions and Implications for the Main Study
The experiments involving a perpendicular geometry composed of 
intersecting circular cylinders have corroborated the existence of 
flow regimes proposed by both Osaka et al (1983a) and 
Zdravkovich (1985). In this respect, the flow field associated with 
each arm of the configuration may be divided into two spanwise 
regions which are defined by the degree of interference caused by the 
intersection. These are; an outer region of quasi two-dimensional 
conditions, and an inner region of highly disturbed flow which 
extends to approximately two and a half diameters from the 
intersection. At the transition between these two regions 
longitudinal vortices identified by Zdravkovich (1985), two per arm 
located either side of the base, are generated with spanwise 
secondary flow outwards from the centre. These expand downstream 
within the wake to form two vortices in each quadrant, Osaka 
et al (1983a).
- 91 -
A similar flow regime was indicated by the pressure distributions
measured on the surface of the intersecting square bars. The 
spanwise locations and characteristics of the main features were 
found to correspond with those of the intersecting circular
cylinders. However, the pressure gradients in both the inner and
outer regions suggested that the associated secondary flows are
generally stronger.
When the circular cylinders were displaced in the direction of
freestream flow, such that they formed a point of contact at the 
centre, the flow conditions at the surface of the perpendicular 
geometry altered. The pressure distribution measured on the upstream 
cylinder exhibited a similar profile to that on an arm of the 
intersecting cylinders and, therefore, implied the presence of
corresponding longitudinal trailing vortices. However, in the case 
of the downstream cylinder, the nature of the disturbance in the 
inner region of the pressure distribution was found to have changed. 
The secondary flow outwards from the centre of the geometry was
reduced in comparison with the intersecting cylinders, and the point 
of transition between the inner and outer regions moved closer to the 
centre of the span. Although these changes appear to be associated 
with the presence of a different flow pattern, from the data obtained 
in these preliminary experiments it was not possible to deduce the
mechanisms involved, or to conclusively corroborate the existence of 
the horseshoe vortices suggested by Zdravkovich (1983).
The pressure distributions measured on the square bars arranged in 
the same configuration suggested the existence of a similar flow 
regime at the surface of the upstream member. However, the flow 
conditions associated with the downstream bar are somewhat 
different to those found around the downstream cylinder in that the 
features attributed to the horseshoe vortices were not evident near 
the centre-line.
There are several implications for the main study which arise from 
these conclusions. In the case of perpendicular members intersecting 
in the same plane, the preliminary study corroborated the results 
of previous workers with regard to circular cylinders, and 
established a similarity between these flow regimes and those 
associated with intersecting bars. Consequently, it was considered
- 92 -
unnecessary to investigate this configuration any further in the 
current study. However, the conclusions relating to perpendicular 
geometries composed of displaced members with a point of contact 
suggested that additional experiments were required to determine more 
precisely the nature of the flow around such configurations. The 
results obtained with the circular cylinders displayed similar 
characteristics to those proposed by Zdravkovich (1983), but it was 
not possible to confirm the existence of a pair of horseshoe vortices 
at the centre of the downstream span, and those for the perpendicular 
bars suggested a significantly different flow regime. It was,
therefore, decided that the main study should examine the flow around 
these models in more detail, with particular emphasis on the inner
region adjacent to the point of contact, and consider the effect of
introducing a gap between the members.
4.4 Summary
The experiments carried-out in the initial stages of the preliminary 
study, Section 4.2, determined that end plates were not to be used 
with the cylinders and bars forming the perpendicular configurations 
of the current work. The second part of the study, Section 4.3,
examined the general characteristics of the flow regimes at the 
surface of such configurations when composed of members intersecting 
in a single plane, or displaced with a point of contact at the centre 
of the geometry. From the results of these tests the scope of the 
main study was defined as a detailed examination of the flow regimes 
associated with perpendicular members displaced relative to each 
other, with particular emphasis on the centre of the geometry since 
this is the region in which the maximum disturbance to the flow 
conditions occurs.
CHAPTER FIVE
MAIN EXPERIMENTAL STUDY
5.1 Introduction
The previous chapter described a limited series of experiments which 
were performed as a preliminary study. These investigated the 
general characteristics of the flow regimes associated with two 
cylinders or two bars arranged perpendicularly, either with both 
members intersecting in a single plane, or with both members
displaced to form a point of contact. From the conclusions of these
tests the scope of the main experimental study was defined as an 
examination of the flow around non-connecting perpendicular members 
displaced relative to each other, with particular emphasis on the 
centre of the geometry. This chapter describes the subsequent 
investigation and discusses the effect of member spacing upon the 
complex mechanisms by which turbulence is generated in the wake of 
such configurations.
The general nature of the flow around each configuration was assessed
from measurements of the mean surface pressure distributions acting
on the individual members. This was followed by an investigation of 
the fluid motion in the gap created at the centre of the geometry, 
which involved the measurement of mean velocities and turbulence 
characteristics such as intensities, length scales, and spectral 
energy distributions. Finally, the flow regimes in the wake of the 
perpendicular configuration were determined by a comprehensive 
examination of mean velocities, turbulence intensities and turbulence 
length scales downstream of the node, together with the distributions 
of secondary vorticity, turbulence intensity, and turbulence kinetic 
energy in the near wake.
The following section describes in detail the experimental 
measurements undertaken in the main study, whilst Section 5.3 
provides an assessment of the results.
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5.2 Experimental Measurements
All of the tests described in this section were performed in a 
uniform airflow with a turbulence intensity of 0.17%, and at a 
Reynolds number of 2 x l(f , based on a section diameter of 30mm and a 
freestream velocity of lOm/s. The experiments involved the 
measurement of surface pressures and fluid velocities for a range of 
member spacings described by the separation distance, L, which is 
defined as the distance between the central axis of each member, as 
shown in Figure 2.
5.2.1 Surface Pressure Measurements
Mean pressure distributions were measured on the surface of 
perpendicular configurations, composed of either two circular 
cylinders or two square bars, for a range of member spacings from 
L = ID (members in contact) to a separation distance of ten 
diameters/section depths, L = 10D. The pressures were measured and 
presented as described in Section 4.3.2, which also discusses the 
drag coefficient calculations.
5.2.2 Gap Measurements
Measurements of the normalised mean longitudinal velocity (u/U0 ) 
and turbulence intensity (u/2/UQ2 ) were taken in the gap between the 
two members at the centre of each perpendicular configuration for 
member spacings of two diameters/section depths, L = 2D and three 
diameters/section depths, L = 3D. These quantities were measured 
using a pulsed-wire anemometer (Section 3.7), which was traversed 
over a grid in the X-Z plane (Y = 0), as illustrated in Figure 2. 
The size of this grid varied in the X-direction with member spacings, 
as shown in the table below, and extended to 2.5D in the Z-direction 
at intervals of 0.166D. Initial tests showed that the flow was 
sufficiently symmetrical about the centre-line of the gap to allow 
measurements to be made over only one half of the configuration. For 
the purpose of comparison, similar measurements were made over 
corresponding grids in the wake of the single (vertical) members at 
the centre of each span.
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MEMBER
SPACING
L/D
X/D Z/D
TRAVERSE INCREMENT TRAVERSE INCREMENT
2 -1.0 0 0 - 2.5 0.166
3 -1.0 - -2.0 -0.5 0 - 2.5 0.166
(In all traverses, Y = OD).
Measurements of the normalised mean turbulence intensity were also 
taken on a traverse in the Y-direction at a position one diameter 
upstream of the centre-line of the downstream cylinder, X = -ID, for 
a range of member spacings from three diameters, L = 3D, to ten 
diameters, L = 10D. This traverse extended to 2.5D in the
Y-direction at intervals of 0.166D, and was carried-out to determine 
the peak turbulence level in the approach flow to the downstream 
cylinder at each member spacing.
To assess the time-domain characterstics of the fluid motion in the 
gap between the two members of each perpendicular configuration, 
autocorrelations were determined in the wake of the upstream member 
for a range of spacings from two to ten diameters/section depths; 
2D < L < 10D. The fluid velocities used in the calculations were 
measured with a pulsed-wire anemometer, as described in Section 3.9, 
and the autocorrelation was computed from K blocks of N samples in 
accordance with;
1 K
R (mAx) =■—  I u0.um (m = 0, 1, 2,  N-l) (Section 3.9)
K k=l
which was normalised by subtracting the square of the mean velocity 
and dividing by the mean square fluctuation, i.e.
R(t ) = (R(t ) -  u2 ) / u ' 2
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The autocorrelat ions were determined at a probe location of one 
diameter downstream of the centre of the upstream cylinder, as shown 
in the sketch below, and similar measurements were made at 
corresponding positions in the wakes of the upstream bar and the 
single (vertical) cyinder and bar.
The distribution of spectral energy, «j>, in the fluid motion at the 
measurement position was calculated in each case from the normalised 
autocorrelation coefficients, R(t ), determined by .the software 
(Section 3.9) for the specified range of 128 lags of 1m second.
Since it is necessary to provide the complete autocorrelation to 
achieve the fully described power spectrum, the range of
experimentally obtained coefficients were extended by the use of an 
extrapolation method devised by Stone (1978). For example, the
sketch below shows the autocorrelation obtained in the wake of the 
single circular cylinder. From this it is clear that the curve is 
only a portion of the complete correlation, the whole of which would 
take an inordinate length of time to determine (the portion
illustrated took 11 /2 hours to obtain), and the truncated function 
has therefore been extended by extrapolation.
The extrapolation method of Stone (1978) utilizes the properties of 
the autocorrelation matrix, which is Toeplitz in form, and ensures 
that the known coefficients remain unaltered. A computer programme 
was developed incorporating this method, and the experimentally 
obtained data was extended in each case to provide the complete
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correlation (in practice the function was taken to a coefficient 
variation of ±0.01 about the zero, as' shown in the sketch above). A 
cosine-1 aw power spectrum analysis was then performed on the complete 
correlation in accordance with the expression:-
Spectral Energy, <f>n = 4 / R ( t  ) cos 2 irn rd T  (after Stone ( 1 9 7 8 ) )
o
where n is a given frequency and °o is defined in the sketch above.
The spectral energy was calculated for a range of frequencies (Hz ) 
at intervals of 0.1HZ and the coefficients, <|>, are plotted against 
both the frequency and the non-dimensional Strouhal number, St, 
defined as:-
St = nD/U0
where D is the diameter/section depth of the member, and U0 is the 
freestream velocity.
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Spatial correlation coefficients were obtained in the streamwise 
(X co-ordinate) direction in the wake of the upstream member, at the 
centre of the span, for a range of member spacings from seven to 
fifteen dianieters/section depths; 7D < L < 15D. Two single hot-wire 
anemometers were used to measure the fluid velocities used in the 
calculations, Section 3.8. The optimum position of the stationary 
wire was determined as two diameters/section depths downstream of the 
member axis, and one diameter/section depth above the centre-line of 
the wake, as shown in the sketch below:
&
2 D  W ire l W ire 2
  -©  >  ©
1D
L
-\/\r
Z
X
This location is beyond the highly turbulent vortex formation region 
within which the hot-wire anemometer does not function effectively, 
Bradbury (1976), yet is subject to the velocity fluctuations 
associated with the mechanisms occurring in the wake. The "mobile" 
probe was traversed in the X-direction to within 0.5D of the front 
face of the downstream member in each case.
The correlations are presented in the form of non-dimensional 
coefficients represented by the relationship;
M X )  ■
J u{2 J U22   5.1
where u{ is the u-component velocity fluctuation at the stationary 
wire and U2 is the corresponding simultaneous value at the traversed 
wire (both of which were obtained by the method described in
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Section 3.8), and X is the streamwise position of the traversed 
wire. These coefficients are plotted against streamwise distance 
from the central axis of the upstream member, expressed as X/D, where 
D is the diameter/section depth of the model. In each case the 
corresponding values determined in the wake of a single member are 
plotted on the same axis.
The integral length scale, in the streamwise direction, of the 
turbulent eddy at the fixed wire position is calculated from the 
spatial correlation coefficients in accordance with the following:
This was computed by numerical integration of the correlation data, 
and the upper limit of the integral, x , wgs taken to be the 
location at which the correlation, RU (X), crossed the abscissa for 
the first time, as proposed by Prasad and Gupta (1977).
In addition to obtaining the streamwise correlation, the spanwise 
(Y-direction) correlation was also determined in the wake of the 
upstream member for a range of member spacings from three to ten 
diameters/section depths, 3D < L < 10D. The procedures used, and the 
position of the stationary wire, were as described above for the 
streamwise correlation. In this case, the lateral extent of the 
traverse was restricted to Y =• 10D, corresponding to the extent of 
the surface pressure measurements, and over only half of the span 
since symmetry can be assumed in each quadrant.
The spanwise correlations are presented in the form of 
non-dimensional coefficients respresented by substituting Ru(Y ) for 
RU (X) in expression 5.1;
Lux = / q Pu (X) dx 5.2
r u (y ) =
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where Y is the spanwise location of the traversed wire. These 
coefficients are plotted against spanwise locations relative to the 
centre-line of the upstream member, expressed as Y/D, together with
those obtained in the wake of a single member.
The integral length scale, in the spanwise direction, of the
turbulent eddy at the fixed wire position was calculated by numerical
integration of the spatial correlation coefficients thus;
LUy = Jo Ru(y ) dY
where y was taken as the location at which the correlation, Ru(Y), 
became zero.
5.2.3 Wake Measurements
Spatial correlations were determined in the streamwise (X co­
ordinate) direction in the wake of the downstream member, at the 
centre of the span, for a range of separation distances of one to 
fifteen diameters/section depths, ID < L < 15D. The correlations
were obtained by the method of Section 3.8, and in the case of the 
perpendicular square bars the position of the stationary wire
relative to the downstream member was as described in Section 5.2.2 
for measurements in the wake of the upstream bar. However, for the 
experiments involving the circular cylinders, the optimum signal 
position was recorded at half a diameter above the centre-line of the
downstream cylinder's wake, as shown in the sketch below:
K ->i
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In the case of both section types, the traverse of the "mobile" probe 
extended to 18.67D downstream of the central axis, at 0.333D 
intervals. The correlation coefficients are presented in accordance 
with expression 5.1, and are plotted against the streamwise distance 
from the central axis of the downstream member, expressed as X/D. 
The integral length scale, in the streamwise direction, of the
turbulent eddy at the fixed wire position was calculated from the 
spatial correlation coefficients by the use of expression 5.2.
The spanwise (Z-direction) correlations were also obtained in the
wake of the downstream members of each configuration for a 
corresponding range of member spacings from one to fifteen 
diameters/section depths, ID < L < 15D. The position of the
stationary wire was as described above for the streamwise 
correlations, and the lateral extent of the traverse of the "mobile" 
wire was restricted to ten diameters/section depths, Z = 10D. Only 
half of the span was examined as symmetry was assumed. The spanwise 
correlations are presented in the form of non-dimensional 
coefficients represented by substituting RU(Z) Tor Ru (X ) in
expression 5.1;
where Z is the spanwise location of the traversed wire. These 
coeffients are plotted against spanwise location relative to the 
centre-line of the downstream member, expressed as Z/D, together with
those obtained in the wake of a single cylinder.
The integral length scale, in the spanwise direction, of the
turbulent eddy at the fixed wire position was calculated from the
spatial correlation coefficients thus;
where z was taken as the location at which the correlation, Ru(Z), 
became zero.
RU (Z) =
Luz = Jo M Z )  dz
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Measurements of the normalised mean longitudinal velocity (u/U0 ) 
and turbulence intensity (u/2/l)2 ) were taken in the X-Y plane at the 
centre of the downstream span (Z = 0), Figure 2, for member spacings 
of L - ID, L - 2D and L = 3D. These quantities were measured with a 
pulsed-wire anemometer (Section 3.7), which was traversed over a grid 
extending to Y - 2D, at 0.166D intervals, and X = 5D at 0.5D 
intervals. In addition, similar measurements were made over 
corresponding grids in the wake of the single (horizontal) members, 
at the centre of each span. The results are plotted as mean velocity 
and turbulence intensity profiles.
Extensive measurements of the normalised mean velocities in the wake 
of each perpendicular configuration were undertaken to enable the 
calculation of secondary vorticity. These measurements were achieved 
by traversing the pulsed-wire anemometer (Section 3.7) over several 
2.5D x 2.5D grids in the Y-Z plane, Figure 2, at one, two and four 
diameters downstream of the models for member spacings of one, two 
and three diameters. The scope of this investigation is summarised 
in the table below:-
MEMBER
SPACING X/D
Y/D Z/D NO. GRID 
POINTS
TRAVERSE INCREMENT TRAVERSE INCREMENT
1 0-2.5 0.166 0-2.5 0.166 256
L=1D 2 0-2.5 0.166 0-2.5 0.166 256
4 0-2.5 0.166 0-2.5 0.166 256
1 0-2.5 0.166 0-2.5 0.166 256
L=2D 2 0-2.5 0.166 0-2.5 0.166 256
4 0-2.5 0.166 0-2.5 0.166 256
1 0-2.5 0.166 0-2.5 0.166 256
L=3D 2 0-2.5 0.166 0-2.5 0.166 256
4 0-2.5 0.166 0-2.5 0.166 256
Each of the two-dimensional traverses in the Y-Z plane was repeated 
five times, with the probe orientated normal to the flow to measure 
the normalised mean velocity (u/U0 ) and turbulence intensity 
(u/2/U2), and at different yaw angles to determine the normalised mean 
secondary velocities (v/U0,w/U0 ) and turbulence intensities 
(v/2/U20 , w /2/U2 ).
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The technique used for obtaining the secondary velocity components 
with the pulsed-wire anemometer has been described in detail by
Cheun (1981), and requires two measurements to be made for each
component. These are obtained with the probe at yaw angles of ±ip, 
for example, to determine the v-component requires measurements in an 
X-Y orientation such that the mean velocities at the positive and
negative yaw angles can be expressed as:
u+ = u cos ip + v sin ip
and
u_ = u cos ip - V  sin ip 
which gives . 
v “ (u+ - u_)/(2 sin ip)
The optimum probe angle for these measurements was found to be ±45°, 
Castro and Cheun (1982), and this value was adopted for the current 
work, thus reducing the equation to:
v = (u+ - lL ) / / T
With the probe measuring similar quantities in an X-Z orientation the 
w-component can be found from:
w = (u+ - CL)//"2
Hence, in order to obtain both the v and w components, four separate 
sets of measurements are required.
The secondary vorticity in the Y-Z plane was calculated from the mean 
secondary velocities (v/U0 . w/U0 ), by undertaking an approximate 
differentiation of the mean velocity profile at each grid point in 
the plane, such that;
3 w 3 v 
<d x “   -  
9y 9z
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This technique has been used successfully by Savory (1984) and 
assumes that, over any short length of a profile, the velocity 
distribution can be approximated by a quadratic curve of the form:
v = AZ2 + BZ + C
and
w = DY2 + EY + F
Thus, at any position (Ym , Zn), in a given Y-Z plane, the 
differentials become;
3v(m,n) = v(m,n+l) - v(m,n-l)
_____ _____
and
Bw(m,n) = w(m+l,n) - w(m-l,n)
_____ __________
where AY and a Z are the spacings of the grid points in the Y and Z 
directions respectively.
Although this method is approximate, the grid of data points was
sufficiently fine to ensure a good indication of the vorticity 
distribution in each of the measured planes. These are presented as 
contour plots of constant normalised vorticity represented by;
£ “ x
u0
where D is the diameter or section depth of the member, and U0 is
the freestream velocity.
The normalised mean turbulence intensities (u/2/U2 ) measured in the 
same Y-Z planes as the secondary vorticity are also presented in the
form of contour plots.
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The distribution of normalised turbulent kinetic energy, K/U q , in 
the wake of each perpendicular configuration was calculated from the 
normalised turbulence intensities, u / 2 /Uq , v ' 2 /U2 , w / 2 /U q , in
accordance with the following expression;
K _ 1 u/2 + + v/ 2
Ug 2 [ u 2 U2 U2 _
and are presented in the form of contour plots in the Y-Z plane.
This section has described the measurements that were undertaken in 
the main experimental study and discussed the quantities computed 
from the data, together with details of their presentation. The 
following section assesses the results of the investigation and 
provides a detailed account of the mechanisms of turbulence 
generation associated with non-connecting perpendicular 
configurations composed of cylinders or bars.
5.3.1 Surface Pressure Measurements
In this section the mean pressures measured on the surface of the 
upstream and downstream members of the perpendicular configurations 
are discussed. The spanwise distributions of base pressure are
examined first, beginning with the circular cylinders and then 
extending to the square bars. These are used to define the lateral 
extent of the disturbance created by the geometry, and to assess the 
effect of member spacing upon the flow regimes identified in the 
preliminary study (Section 4.3.3). This is followed by an analysis 
of the circumferential pressure distributions recorded around the 
centre-line of each span, which provide details of the general nature 
of the flow conditions at the centre of the individual 
configurations.
The mean pressure distributions measured on the base centre-line of 
the upstream circular cylinder, for a range of member spacings from
L = ID (cylinders in contact) to L = 10D, are shown in Figure 33.
These can be divided into two groups which are dependent upon the
distance separating the cylinders. The first occurs when the member 
spacing is three diameters or less, L < 3D, and the profiles exhibit 
characteristics similar to those already described for the cylinders 
in contact case, Section 4.3.3. The main feature of these is a 
distinct peak in suction at a position adjacent to the centre of the 
span, and this is associated with the generation of a trailing vortex 
with secondary flow outwards along the rear of the cylinder (the 
nature of this vortex is examined in detail in Section 5.3.3). At 
spanwise locations in the outer region beyond this disturbance, 
generally in excess of two and a half diameters from the centre, 
Y > 2.5D, the flow conditions are quasi two-dimensional, as indicated 
by the circumferential pressure distributions measured at Y = 10D, 
Figure 34. In this respect, at all member spacings examined these 
exhibit profiles similar to those found at the corresponding 
location on a single cylinder. As the member spacing increases 
towards three diameters, the secondary flow in the disturbed region 
reduces considerably and, consequently, the pressure gradients on the 
base centre-line become much weaker, Figure 33. Eventually, when
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5.3 Discussion of Results
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the separation distance is in excess of three diameters, L > 3D, the 
trailing vortex ceases to exist and, therefore, the spanwise peak in 
suction is no longer evident. With increasing member spacing in this 
second range the profiles tend towards the single cylinder 
distribution, and the conditions become quasi two-dimensional along 
the whole span.
The effect upon the downstream cylinder of the flow regime in the 
wake of the upstream perpendicular member can be assessed by an 
examination of the spanwise distributions of stagnation pressure 
shown in Figure 35. These reveal that, regardless of member spacing, 
the extent of the disturbance is largely confined to within two and a 
half diameters of the centre-line of the span, Z < 2.5D. The
stagnation pressures in the undisturbed outer region have values
equivalent to those found at corresponding locations on a single 
cylinder, whereas those within the inner region are reduced to a
minimum at the centre of the span. The variation of this minimum 
value is dependent upon the width of the gap between the two members, 
and is considered later in this section. It is sufficient to mention 
here that the associated pressure gradients are the result of a
movement of fluid towards the centre of the span.
A secondary flow is also present at the rear of the downstream 
member, and is therefore evident in the distributions of mean 
pressure recorded on the base centre-line of the cylinder, 
Figure 36. These were measured for a range of separation distances 
from L = ID (cylinders in contact) to L = 10D and, as with the
upstream member, the profiles can be divided into two sets. At 
cylinder spacings below three diameters, L < 3D, the distributions
exhibit a peak in suction which is located within one diameter of
the centre of the span. This is associated with the position of a 
horseshoe vortex which is of a type similar to that described for 
the cylinders in contact case, L = ID, in Section 4.3.3. For
spacings of three diameters or more, this feature is replaced by a 
longitudinal trailing vortex and its associated secondary flows. 
Consequently, the location of the peak suction recorded on the base 
shifts to a position further from the centre, Z « 1.5D, where it 
remains for the range of spacings examined (up to L = 10D). Both 
of these flow patterns involve a considerable
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secondary motion of fluid in the wake at the centre of the 
configuration, and this is examined in detail in Section 5.3.3. 
However, the base pressure distributions show that, as is the case 
with the upstream cylinder, this disturbance is largely confined to 
an inner region within two and a half diameters, Z < 2.5D, of the 
centre. Beyond this, in the outer region, the flow conditions are 
quasi two-dimensional, as indicated by the circumferential pressures 
measured at Z = 10D, Figure 37. These are similar to those measured 
at a corresponding location on a single cylinder for the range of 
member spacings examined.
Having considered the general nature of the flow conditions at the 
surface of each circular cylinder, a comparison can be made with the 
results obtained from similar experiments involving the perpendicular 
square bars. These exhibit significantly different characteristics, 
particularly in the case of the downstream member, which are again 
related to the separation distance.
The spanwise distribution of mean pressure measured on the base 
centre-line of the upstream square bar, for a range of member 
spacings from L = ID (bars in contact) to L = 10D, are shown in 
Figure 38. These can be divided into two groups arranged about a 
critical spacing of three section depths, L = 3D, which is an 
equivalent dimension to the critical distance of three diameters 
found with regard to the circular cylinders. For spacings of three 
section depths and below, L < 3D, the distributions exhibit a
distinct peak in suction adjacent to the centre of the span. This is 
associated with a trailing vortex which is similar in character to 
that generated in the wake of the upstream cylinder over the same 
range of spacings. However, as the separation distance increases 
from L = ID, the peak suction increases considerably more than was 
found to be the case with the cylinders, and at L = 3D its value is 
20% greater than that recorded at the same location on a single bar. 
Accompanying this increase in peak suction is a decrease in the 
pressure gradient between these two points. At member spacings above 
three section depths, L > 3D, the trailing vortex is no longer 
generated. Consequently, the second group of curves show a movement 
of the suction peak to the centre of the span, and with increasing 
separation there is a reduction in its numerical value. Eventually,
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at a member spacing of ten diameters, L = 10D, the flow conditions 
become quasi two-dimensional and the profile exhibits a close 
approximation to the single bar distribution.
Although the precise nature of the flow conditions at the rear of the 
upstream square bar are different to those behind the circular 
cylinder, the extent of the disturbance caused to the downstream bar 
is similar. This is evident in the spanwise distribution of 
stagnation pressure presented in Figure 39. These profiles show that 
over the range of spacings examined the interference effects are 
largely confined to a region within two and a half section depths of 
the centre of the span, Z < 2.5D. In this respect, the stagnation 
pressures in the undisturbed outer region have values equivalent to 
those found at corresponding locations on a single bar, whereas those 
within the inner region are reduced to a minimum at the centre, as 
was found to be the case with the downstream member of the 
perpendicular circular cylinders. The resulting pressure gradientis 
associated with a secondary flow towards the centre of the span, and 
this is discussed further in Section 5.3.2.
Despite the similarity of these stagnation pressures with those 
recorded on the circular cylinder, the corresponding spanwise 
distributions of mean pressure measured on the base centre-line of 
the downstream bar are considerably different for the range of 
spacings examined, Figure 40. These can be divided into two groups 
separated by a critical spacing of three section depths, L = 3D, with 
the L = ID distribution forming a unique case which has already been 
described in Section 4.3.3. For spacings below three section depths, 
L < 3D, a local peak in suction occurs on the centre-line of the span 
with a value below that recorded at the same position on a single 
bar. At spanwise locations away from the centre-line, the pressure 
rises to a maximum in the region; 2D < Z < 3D, before decreasing 
towards single bar values in the outer region. This is in complete 
contrast to the corresponding circular cylinder profiles which 
exhibit suction peaks adjacent to the centre-line as a result of the 
horseshoe vortex flow pattern. Although a similar feature is 
generated by this configuration, the behaviour of the vortex in the 
near wake is somewhat different, as considered in detail in 
Section 5.3.3. As the separation distance increases in this range,
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the shape of the curves in the inner and outer regions remain largely 
unaltered until the critical spacing of three section depths is 
reached, L = 3D, and the second group of curves commence. These are 
again different to the corresponding distributions recorded on the 
downstream circular cylinder, and as such show a maximum pressure at 
the centre of the span with a steady increase in suction towards a 
local peak at 1 = 6D.
The spanwise pressure distributions discussed above show that the 
precise nature of the flow regimes at the surface of each member in 
the perpendicular configuration are dependent upon both section type 
and member spacing. However, a feature common to all of the cases 
examined is the division of the wake spanwise into an outer region of 
quasi two-dimensional flow, and an inner region of highly disturbed 
conditions. The next part of the discussion assesses the changes 
that occur to the flow around each member in the latter region as the 
separation distance is varied, and this is achieved by observation of 
the circumferential pressure distributions measured at the centre of 
each span. Consideration is initially given to the perpendicular 
cylinders, and then a comparison is made with the results obtained 
with the square bars.
The circumferential pressure distributions measured on the 
centre-line of the upstream circular cylinder, for the range of 
member spacings from elements in contact, L = ID, to a separation of 
ten diameters, L = 10D, are shown in Figure 41, together with the 
corresponding distribution associated with a single cylinder. These 
can be divided into two groups either side of a critical member 
spacing, and this has a value similar to that identified in the 
spanwise distributions. Those recorded at spacings in the range less 
than three diameters, L < 3D, exhibit significant disturbance effects 
due to the proximity of the downstream member. Conversely, those for 
which the separation distance is three diameters or more, L > 3D, 
display characteristics which are associated with a single cylinder.
When the elements are in contact at the centre of the node, L = ID, 
the circumferential pressure distribution recorded on the upstream 
member produces a unique curve which resembles that found at a 
corresponding location on a similar geometry examined by
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Zdravkovich (1983), Section 2.4.2. The profile obtained in the 
current work, Figure 41, shows that the laminar boundary layer 
developing on the surface of the cylinder is accelerated over the 
front face to an angle of approximately 80°. Beyond this point 
deceleration takes place, and eventually transition to turbulence 
occurs within the attached flow, as indicated by the slight plateau 
in the distribution at about 110° . The developing turbulent boundary 
layer separates from the surface at approximately 125°, and then 
reattaches at the rear of the cylinder in proximity to the point of 
contact. The latter phenomenon establishes a small separation/ 
reattachment 'bubble' adjacent to the surface of the cylinder, a 
feature which has also been identified in oil film vizualization 
performed by Zdravkovich (1983). In the latter work, photographs of 
the flow pattern at the surface of the cylinders revealed the 
presence of a delayed separation line over the central portion of the 
upstream span, complemented by a corresponding reattachment line. 
This forms an arch in the spanwise direction, and provides an 
entrainment of fluid to the horseshoe vortex developing around the 
downstream cylinder, as shown in the sketch below:-
Upstream
Cylinder
Based on Zd ravkov
As the distance between the 
recirculation 'bubbles', which 
side of the upstream cylinder, 
established in the gap created <
Cyl inder
ch (1983) , Section 2.4.2
two members is increased, these 
are formed symmetrically on either 
migrate over the surface to become 
the centre of the geometry. This
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is evident in the circumferential mean pressure distribution measured 
at a member spacing of two diameters, L = 2D, Figure 41, which 
displays a post-separation profile indicative of the presence of a 
recirculation 'cell' in the wake of the upstream cylinder. The two 
symmetrical cells continue to supply fluid to the horseshoe vortex, 
as shown in the sketch below, and their presence in the gap has been 
confirmed by velocity measurements presented in Section 5.3.2. In 
addition, the rotational direction of each 'cell' produces a movement 
of fluid along the front face of the downstream span, towards the 
centre-line, as is evident in the distributions of stagnation 
pressure (Figure 35) already discussed.
Cylinder
Similar recirculation 'cells' have been identified in experimental 
work by Ishigai et al (1972), and Kostic and Oka (1972), on the 
effect of member spacing upon the vortex shedding process associated 
with parallel cylinders arranged in tandem, Section 2.5. In this 
respect, it was found that when the distance between the two 
cylinders is small, L < 3.8D, a 'closed wake' flow pattern composed 
of two counter rotating recirculation 'cells' is formed within the 
gap. These are created by a mechanism which involves reattachment on 
the downstream cylinder of the free shear layers separated from the
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surface of the parallel upstream cylinder. However, in the case of 
the perpendicular configuration examined in this study, no evidence 
has been found in the distribution of mean pressure measured on the 
downstream cylinder to suggest that a similar reattachment occurs. 
Instead, the geometry of the node forces the free shear layers 
separated from the centre of the upstream span to roll-up in the gap 
and form the recirculation 'cells' shown in the sketch above. These 
vortices do not, however, persist in the spanwise direction of the 
upstream cylinder (Y co-ordinates) since the constraint of the 
downstream member is not present beyond the centre of the 
configuration.
The second flow regime in the gap commences at a separation distance 
of three diameters, L = 3D, when the spacing of the members is 
sufficiently large to cause the recirculation 'cells' to become 
unstable in the streamwise direction (X co-ordinate). The 
corresponding pressure profile in Figure 41 displays characteristics 
similar to those recorded on the surface of the single cylinder, and, 
therefore, suggest an equivalent flow regime. In this respect, a 
laminar boundary layer extends from the stagnation point through 
about 88° before separation, and the resulting free shear layers from
either side of the cylinder form vortices which are shed in the gap.
At this member spacing the process in the wake of the central portion 
of the upstream cylinder is similar to that described by Gerrard 
(1966) as occurring in the wake of a single cylinder in the same
Reynolds number range, (Section 2.2.2), and consequently the 
entrainment of fluid to the horseshoe vortex ceases. Indeed, further 
increasing the separation distance beyond three diameters, L > 3D, 
results in a series of pressure profiles which tend towards the 
distribution measured on the single member, Figure 41.
This relationship between vortex shedding and member spacing is again 
analogous to the phenomenon identified in experiments involving two 
parallel cylinders arranged in tandem, Section 2.5. Zdravkovich and 
Stanhope (1972) found that at cylinder separations above a critical 
value of three and a half diameters, L > 3.5D, the reattachment on 
the downstream member of the free shear layer ceased, and the flow 
characteristics in the wake of the upstream cylinder returned to
those associated with a single cylinder. In addition, observations
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by several workers, including Zdravkovich (1972), Oka et al (1972), 
and Ishigai et al (1972), established that periodic vortex shedding 
commences in the wake of the upstream cylinder at member spacings in 
excess of the critical value. Kostic and Oka (1972) explained this 
phenomenon by suggesting that shedding occurs when the size of the 
gap between the two cylinders is in excess of the size of the vortex 
formation region associated with a single cylinder. In the case of 
the experiments of the current study, the size of the vortex 
formation region in the wake of the single cylinder can be considered 
as two and a half diameters, Bloor (1964). Hence, when the member 
spacing is three diameters, L = 3D, the downstream cylinder is beyond 
this region, and thus periodic vortex shedding occurs in the gap. 
The nature of these vortices is examined in the discussion of the 
results presented in Section 5.3.2.
It has already been suggested that the changes that occur to the flow 
patterns in the gap between the members in the perpendicular
configuration have a significant effect upon the airflow around the
central portion of the downstream cylinder. This is evident in the 
variation with member spacing of the coefficients of stagnation 
pressure, CpS and base pressure, Cpb recorded on the 
centre-line of the span. These are presented in Figure 42, together 
with the corresponding values associated with the single cylinder. 
At separation distances in excess of five diameters, L > 5D, the
stagnation pressure on the downtream member, CpS is almost constant 
at CpS « 0.5, that is 50% of the single cylinder value. This 
reduction is a result of the interference to the surface flow 
conditions produced by the vortices shed from the upstream member in 
this range, the effect at the rear of the cylinder being an increased 
pressure to an approximately constant Cpb value. Conversely, when 
the gap width is less than five diameters, L < 5D, the stagnation
pressure shows a considerable dependence upon member spacing, and the 
'local1 minimum value of Cps at three diameters, L = 3D, marks the 
division between the two distinct flow regimes in the gap. At member 
spacings below three diameters, L < 3D, the flow conditions around 
the downstream cylinder are highly disturbed by the horseshoe vortex 
regime, and these interference effects produce a significant 
variation in the base pressure, Cpb-
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The nature of the disturbance to the flow conditions around the 
downstream cylinder in these two ranges of member spacing can be 
assessed by examination of the circumferential pressure distributions 
shown in Figure 43. With the cylinders in contact at the centre, 
L = ID, the curve exhibits a unique profile, as was found to be the 
case with the distribution recorded on the upstream member at the 
same spacing. In this case, negative coefficients were recorded on 
the surface from the point of contact through approximately 40°, a 
feature also noted as occurring on the downstream member of the 
similar configuration examined by Zdravkovich (1983). This is 
associated with a movement of fluid away from the region to feed the 
horseshoe vortex developing near the point' of contact. Beyond 45°, 
the profile is similar to that measured for other small member 
spacings as described below.
The introduction of a gap between the two cylinders produces a family 
of curves for separation distance below three diameters, L < 3D. In 
this range of spacings the boundary layer developing over the front 
face accelerates from a reduced stagnation pressure, and separates at 
a point further downstream than on a single cylinder, as shown in the 
table below:-
In addition, the post separation section of the curves shows that 
there is considerable interference to the flow conditions at the 
surface of the cylinder as a result of secondary flows along the rear 
of the member. These cause a suppression of normal vortex shedding 
from the centre of the span at spacings below three diameters, 
Section 5.3.3, a feature that is in contrast to the situation in the 
wake of the downstream cylinder of the tandem arrangement. The
Member Spacing 
(L/D)
1.5
2
2.5
Separation Angle
104°
116°
130°
Single Cylinder 88°
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latter exhibits regular vortex shedding at all member spacings 
including those below the critical value when the 'closed wake' flow 
pattern is formed, Kostic and Oka (1972).
At a spacing of three diameters, L = 3D, the conditions in the gap 
change with the establishment of vortex shedding from the central 
portion of the upstream member. The effect of this upon the airflow 
around the centre-line of the downstream cylinder can be assessed 
from the corresponding circumferential distributions presented in 
Figure 43. These show a decrease in the minimum value of pressure, 
Cp(min)» and a post-separation profile similar to that found by 
Surry (1972) on cylinders subjected to ar turbulent approach flow, 
Section 2.2.2. In this respect, a delayed separation produces a
narrow wake and a consequent rise in base pressure. With increasing 
gap widths in the range of spacings beyond three diameters, L > 3D, 
the curves continue to exhibit these features, and this reflects ,the 
position of the central portion of the member in the turbulent wake 
of the cylinder upstream.
The trends identified in the second group of curves are similar to 
those found with the tandem arrangement, where the disturbance to the 
flow conditions around the downstream cylinder, at spacings above the 
critical value, has been attributed to increased approach flow 
turbulence, Kostic and Oka (1972). Such interference effects have 
been observed over a large range of spacings by a number of workers, 
Section 2.5. For example, Oka et al (1972) recorded a reduced
Strouhal number in the wake at a separation distance of thirty five 
diameters, L = 35D, and Cooper and Wardlaw (1971) found a 20% 
decrease in drag at L = 50D.
The coefficient of drag at the centre-line of each span in the
perpendicular configuration was calculated from the circumferential 
pressure profiles for the range of member spacings examined, and the 
results are plotted in Figure 44. In the case of the upstream 
cylinder, Cq1 , the suppression of vortex shedding from the member
at spacings below three diameters, L < 3D, produces a drag
reduction. For example, the coefficient recorded at a spacing of'one 
and a half diameters, L = 1.5D, is 81% of the single cylinder value, 
Cps . Increasing the gap width beyond L = 1.5D results in an
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increase in the drag coefficient and, at the critical spacing of
three diameters, L = 3D, Cq! is equivalent to Cgs . With the 
onset of vortex shedding from the member at spacings greater than 
three diameters, the coefficient continues to rise to a peak of
approximately 1.05 Cps in the range 3D < L < 4D. At spacings 
beyond this, the drag returns to single cylinder values, reflecting
the reduction in the disturbance to the flow conditions around the
upstream member.
Conversely, the drag of the downstream cylinder, C[>2 , varies with 
values below those of a single cylinder at all spacings. The 
horseshoe vortex flow regime produces a peak of 0.94 Cj)S at a 
separation distance of two diameters, L = 2D. This is followed by a 
reduction in drag with increasing gap width until the value reaches a 
minimum of 0.62 Cq s at L = 5D. For spacings in excess of five 
diameters, L > 5D, the centre of the cylinder is subjected to the 
turbulent approach flow created in the wake of the upstream member 
and, consequently, the drag remains below the single cylinder value, 
rising only slightly to 0.68 Cq s at L = 10D. This disturbance to 
the drag coefficient probably continues to quite large spacings since 
Cooper and Wardlaw (1971) recorded a similar interference at a 
separation distance of fifty diameters in the case of cylinders in 
tandem.
Having examined in detail the flow around the centre-lines of the 
perpendicular cylinders, the next part of this discussion compares 
these spacing related phenomena with those found at the centre of the 
perpendicular bars.
The circumferential pressure distributions measured on the 
centre-line of the upstream square bar for the range of member 
spacings from L = ID (bars in contact), to a separation distance of 
ten section depths, L = 10D, are shown in Figure 45. In general, 
these reflect changes in the flow conditions which are similar to 
those identified with the upstream circular cylinder. When the bars 
are in contact at the centre, L = ID, the pressure distribution on 
the front face of the upstream member is relatively undisturbed, and- 
it can be deduced that separation occurs at the leading sharp-edge 
since suction is present on the adjacent part of the side face,
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tapping 11. However, instead of an increase in negative pressure 
towards the rear, as found on the side face of a single bar, a rapid 
rise in Cp is seen with a return to positive pressures near the 
trailing edge. This result is associated with the establishment of a 
separation/reattachment 'bubble* on the side face of the bar at the 
centre of the span, shown in the sketch below. This feature is 
similar to that found on the upstream circular cylinder and, as such, 
feeds fluid to a secondary vortex developing on the side face of the 
downstream bar. A possible mechanism of entrainment is shown below 
(this vortex is discussed in the analysis of the wake measurements, 
Section 5.3.3).
Sep aration/ Reattachm ent 
Bub b le
- >
r-* Developing
Vortex
Downstream
Bar
As the spacing of the members increases, flow separation still occurs 
at the leading sharp-edge, but the recirculation bubbles from each 
side of the bar move into the gap at the centre of the geometry to 
form two recirculation cells. These continue to supply fluid to the 
horseshoe vortex, as shown in the sketch below, and effect the 
distribution of pressure on the rear of the upstream bar. For 
example, when the spacing is two section depths, L = 2D, Figure 45, 
the suction on the rear surface exhibits a larger value at the 
trailing edge than on the base centre-line. The precise nature of 
these recirculation 'cells' is examined in the discussion of Section
5.3.2, together with those associated with the circular cylinders. -
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At a critical member spacing of three section depths, L = 3D, the gap 
width is sufficient to enable the free shear layers separated from 
the leading edges of the upstream bar to roll-up and form vortices 
which are shed in the wake. This change in the gap is reflected in 
the circumferential distributions recorded on the upstream bar at 
spacings of three section depths and above, L > 3D, which diplays 
profiles similar in shape to those associated with a single bar 
shedding vortices. The difference in the pressures recorded on- the 
surface of the latter, and on the upstream bar, at a spacing of ten 
section depths, L = 10D, is negligible.
To examine the effect upon the centre of the downstream bar of these 
changes in the flow regime, the variation with member spacings of the 
coefficient of stagnation pressure, CpS and base pressure, Cpb 
recorded at the centre-line are shown in Figure 46, together with the 
corresponding values associated with the single bar. A comparison of 
these curves with those obtained on the perpendicular cylinders, 
Figure 42, reveals that the general shape of each profile is 
similar. This reflects the similarity in the flow regimes generated 
by each configuration, although there are differences at the lower 
gap widths which are dependent upon section type. For example, in 
the case of the stagnation pressures, Cps, both the downstream 
cylinder and bar exhibit constant values at approximately 50% the 
single member equivalent at spacings in excess of five
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diameters/section depths, L > 5D. However, the variation in pressure 
with separation distance below this value, L < 5D, shows that CpS 
is reduced to a more distinct minimum at L = 3D on the square bar, 
Figure 46, than that recorded on a circular cylinder, Figure 42. In 
addition, the local 'peak' value found on the cylinder at a spacing 
of two diameters, L = 2D, does not occur on the downstream bar. 
However, despite these differences on the front face of the 
downstream member, the changes in base pressure, Cpb, are similar 
for both section types over the whole range examined.
The stagnation and base pressures can only provide a general 
indication of the changes in the airflow around the downstream 
member and, therefore, the corresponding circumferential pressure 
distributions are presented in Figure 47. These show that, although 
the stagnation and base pressure values vary with member spacing, the 
shape of the associated profiles on the faces of the bar do not alter 
significantly over the range of separation distances examined. In 
the case of the downstream face, the distribution is inverted in 
comparison with a single bar, the suction being greater at the edges 
than on the base centre-line. However, it is the side face pressure 
distributions that exhibit the largest distortion with a considerable 
difference between the leading and trailing sharp-edge pressures. At 
spacings below three sections, L < 3D, this disturbance is caused by 
the horseshoe vortex developing on the side face of this member, 
whereas for separation distances in excess of three section depths, 
L > 3D, the interference is caused by vortices shed from the upstream 
bar.
The similarity between the flow conditions around the upstream square 
bar and circular cylinder results in a similar drag variation with 
member spacings, Figure 48. The coefficient of the drag at the 
centre of the upstream member, Cg1 recorded for a separation 
distance of one and a half section depths, L = 1.5D, is 48% of the 
single bar value, Cqs . With increasing gap width, the drag 
increases to a peak of 1.08 C[>s in the region 3D < L < 4D, before 
decreasing to the single bar value at spacings in excess of five 
section depths, L > 5D.
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The variation with member spacing of the drag coefficient at the 
centre of the downstream square bar is also presented in Figure 48. 
Although the values recorded are below the single bar equivalent, the 
general shape of the plot is not the same as that found with the 
downstream cylinder, Figure 44. In the case of the square bar, a 
similar peak in drag occurs at a spacing of L = 2D, with a value of 
0.7 C[)S, but in addition there is a distinct minimum of 0.4 Cqs 
at the change in flow pattern, L = 3D, which is not recorded on the 
cylinder. At spacings in excess of three diameters, L > 3D, the drag 
rises to a constant value of 0.53 C[)S in the region of L > 5D, thus 
reflecting the position of the bar in the wake of the upstream 
member.
The surface pressure distributions presented in this section of the 
discussion have provided general details of the effects of changes in 
member spacing on the flow regimes associated with the perpendicular 
configurations. The flow field has been examined in the spanwise 
direction, with regard to the secondary flows along the rear surface 
of each member, and in terms of the fluid motion around the centre of 
each span. The next section in this discussion examines the data 
obtained in the gap created between the two members at the centre of 
the geometry, whilst the wake of the configuration is considered in 
Section 5.3.3.
5.3.2 Gap Measurements
The examination, in the previous section, of the surface pressures 
measured on both members of each perpendicular configuration provided 
general details of the flow conditions occurring in the gap at the 
centre of the geometry. Two fundamental regimes were found, with 
similar characteristics common to both section types, and these were 
dependent upon member spacing. At separation distances less than 
three diameters, L < 3D, two recirculation cells are created in the 
wake of the upstream member at the centre of the span, and at large 
spacings, when L > 3D, these become unstable and are replaced by 
vortices which are shed in the direction of the freestream. This 
section of the discussion assesses the nature of these two different 
flow regimes, and compares the conditions in the gap between the 
circular cylinders with those at the centre of the square bars.
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The mean velocity and turbulence intensity profiles measured in the 
X-Z plane at the centre of the gap between the two perpendicular 
cylinders for a member spacing of two diameters, L = 2D, are shown in 
Figures 49(a) and 49(b) respectively. The shape of the velocity
profile confirms the presence of two recirculation cells in the wake 
of the upstream cylinder. In this respect, a considerable flow 
reversal occurs at the centre-line of the wake with a negative
velocity being recorded of 80% the freestream value, U0 . The point 
of zero velocity, which can be regarded as a guide to the position of 
the vortex centre, is located at approximately Z = 0.4D, and the
corresponding turbulence intensities, Figure 49(b), reach a peak
value of 0.15 near the same position. The turbulence level falls
rapidly in the Z-direction away from the vortex centre to almost zero 
by Z = 0.7D, which indicates the extent of the recirculation region.
Similar measurements were made in the gap between the square bars, 
and these are presented in Figures 50(a) and (b). Both the velocity 
and turbulence intensity profiles exhibit the same shape as those 
described above for the circular cylinders. However, in this case
the recirculation cells are slightly larger, with the centre of each
vortex, as defined by a zero velocity, located at approximately 
Z = 0.6D, and the turbulence intensities are significant in the
region; Z < ID. The negative velocity at the centre-line of the wake 
has a value of 0.8 U0 , and the peak turbulence intensity is 0.13, 
both of which are of a similar order to the values found in the gap 
between the cylinders.
When the separation distance is increased to three diameters, L = 3D, 
vortices are shed in the wake of the upstream member at the centre of 
the span. This is clearly seen in the velocity profiles measured in 
the X-Z plane in the gap between the two perpendicular cylinders, and 
bars at this spacing. These are presented in Figure 51(a) and 51(b) 
respectively, together with the corresponding profiles obtained in 
the wake of the single elements. In each case, the profiles measured 
in the gap are not exactly equivalent to those associated with the 
single member, but they are a close approximation, particularly at 
one diameter downstream, X = -2D.
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The corresponding turbulence intensity measurements are presented in 
Figures 52(a) and (b) respectively, and these also show that for both 
section types the fluid motion in the wake of the upstream member is 
similar to that at the rear of a single element. The turbulence 
levels associated with vortex shedding from the upstream cylinder are 
slightly higher than those found in the wake of the single cylinder 
at locations immediately downstream of the member, Figure 52(a). For 
example, the peak intensity measured at X = -2D is increased by 13%. 
A similar increase was also found in the case of the square bars, 
Figure 52(b). However, the differences between the intensities in 
the wake of the upstream member and the single bar were more 
significant. In this case, the peak intensity measured at X = -2D is 
22% greater, and further downstream the situation is reversed with a 
reduction in intensity at X = -1.5D to 70% of the corresponding 
single bar value.
From the velocity and turbulence intensity measurements made within 
the gap at the centre of the perpendicular geometries it is clear 
that, in the case of both section types, the vortices shed from the 
centre-line of the upstream member are not quasi two-dimensional. To 
investigate the characteristics of these vortices further, the 
spectral energy distribution of the fluid motion associated with the 
shedding process was determined from autocorrelations obtained at a 
location one diameter downstream of the upstream member, as described 
in Section 5.2.2, for separation distances in the range; 
2D < L < 10D.
The results obtained with the square bars are presented in Figure 53, 
together with the distribution recorded at a corresponding location 
in the wake of a single bar. At a member spacing of ten section 
depths, L = 10D, the peak energy at the dominant frequency in the 
flow is 25% greater than the single bar value, and the associated 
Strouhal number is slightly reduced. This indicates that the 
vortices shed at large spacings have similar time-domain 
characteristics to those in the wake of the single bar. As the bars 
are brought together, the dominant frequency continuously decreases 
in value, and the peak energy levels rise to a maximum at five 
section depths, L - 5D, before decreasing rapidly. These variations 
can be assessed from Figure 54 and 55, which illustrate the change
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with member spacing of the Strouhal number and peak energy levels 
respectively. From these it is seen that at the critical spacing of 
three section depths, L = 3D, when the flow pattern in the gap
changes, a discontinuity occurs in the Strouhal Number variation, 
Figure 54, with a corresponding minimum in the peak energy level, 
Figure 55. For decreasing member spacing in the range less than 
three section depths, L < 3D, the dominant frequency in the flow
continues to decrease, but at a much increased rate, and the peak
energy level rises to a local maximum of 36% the single bar value at 
L = 2.25D, before decreasing again. In addition to producing these 
effects on the dominant frequency and peak spectral energy, the 
critical spacing of three section depths, L = 3D, also marks a 
distinct change in the time^domain characteristics of the flow in the 
gap, Figure 53. In this respect, the spectral energy distributions 
recorded at separation distances in the range below three diameters, 
L < 3D, exhibit a greater spread of energy over a wider range of
frequencies than is found for L > 3D.
A similar variation of Strouhal Number with member spacing was found 
at the same location in the wake of the upstream circular cylinder, 
Figure 56. Again, the value is seen to decrease steadily as the 
cylinders are brought closer together, from just below the single 
cylinder equivalent at L = 10D, to a discontinuity at L = 3D. The 
variation at spacings below three diameters, L < 3D, is much greater 
than was found with the square bars, Figure 54, and appears to be 
linearly related to separation distance. The corresponding change in 
peak energy levels recorded over the same range of member spacings, 
2D < L < 10D, is shown in Figure 57. Although this displays a 
general variation similar to the square bars, Figure 55, a number of 
significant differences are apparent upon close observation. For 
example, the peak energy level has a value less than that of a single 
cylinder at all member spacings, reduced by 50% at L = 10D, and the 
maximum found with the square bars at a separation distance of five 
section depths, L = 5D, does not occur in this case. The member 
spacing at which the minimum peak energy level was recorded is also 
different, it being two and three quarter diameters, L = 2.75D.
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All of the features discussed above can be clearly identified in the 
spectral energy distributions presented in Figure 58, from which 
Figures 56 and 57 have been derived. This shows that the reduction 
in peak energy levels, relative to that of the single cylinder, at 
spacings greater than the critical, L = 2.75D, is due to a wider 
distribution of the energy in the flow over an increased range of 
frequencies. This is particularly apparent if Figure 58 is compared 
with the corresponding results obtained in the wake of the upstream 
square bar, Figure 53, where the spectral energy is distributed over 
a smaller frequency range. However, despite this difference, the 
energy distributions measured at member spacings less than the 
critical of two and three quarter diameters, L < 2.75D, exhibit an 
increased spread of energy over a greater range of frequencies than 
those measured at L > 2.75D.
The time-domain characteristics described above have revealed that 
the vortices shed from the centre of the upstream members in the 
range of spacings of three diameters and above, L > 3D, are distorted 
when compared with those found in the wake of a single member. The 
extent of this distortion to the fluid motion is dependent upon both 
member spacing and section type, and may have particular importance 
if either of the members in the configuration were free to 
oscillate. In such a situation, an analaysis of the dynamic response 
of the elements to the flow conditions in the gap should consider 
this distortion and the governing criteria discussed above.
In addition to examining the time-domain characteristics of the 
fluid motion at the centre of the geometry, the length scales of the 
associated turbulent eddies were determined from spatial correlations 
obtained in the gap. Figures 59(a) and (b) present the X-direction 
correlations, RU(X), for the wakes of the upstream cylinder and bar 
respectively for separation distances in the range; 7D < L < 15D (it 
was not possible to obtained the streamwise correlation in gap widths 
smaller than 6D, Section 5.2.2), together with the correlations 
recorded in the wakes of the single elements. The position of the 
stationary wire relative to the upstream member, and the direction in 
which the correlation is taken, are both illustrated in the sketch 
below.
The results show that in each case the correlations obtained for the 
range of member spacings examined are practically identical to those 
associated with the respective single element. From this it follows 
that the streamwise length scale, Lux of the turbulence within the 
gap remains approximately constant when vortices are being shed from 
the centre of the upstream span. The values of Lux, corresponding 
to the correlations in Figure 59(a) and (b) are given in the table 
below, and these confirm that with regard to Lux, the turbulence 
within the immediate wake of the upstream member is unaffected by the 
presence of the downstream element when the separation distance is 
large. The value of the length scale is approximately constant in 
each case, and is of a similar order for both section types, that is 
two thirds the diameter of the circular cylinder, and three quarters 
the section depth in the case of the square bars.
Turbulence length scale, LnV , in the wake of the upstream member
Member Spacing Circular Cylinder Square Bar
L Lux Lux
(0) (D) (D)
15 0.68 0.73
10 0.66 0.75
7 0.65 0.76
Element 0.67 0.74
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The other turbulence length scale of interest to the present work is 
that in the spanwise direction, LUy, as this represents the lateral 
extent of the turbulent eddy in the wake of the upstream member. 
This was calculated from the Y-direction correlations, Ru(Y ) 
obtained two diameters downstream of the cylinder and bar, 
Figures 60(a) and (b) respectively, with the stationary wire and 
direction of correlation as shown in the sketch below.
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The values of LUy calculated from these correlations are presented 
in the table below, together with the corresponding length scale 
determined in the wake of the single element.
Turbulence length scale, LMy in the wake of the upstream member 
Member Spacing Circular Cylinder Square Bar
L Luy Luy
(D) (D) (D)
10 2.53 2.22
7 2.19 2.12
5 1.72 1.88
4 1.44 1.63
3 1.40 0.90
: Element 2.09 1.61
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Reference to the table above reveals that, in the case of both the 
cylinder and the bar, the length scale LUy varies considerably over 
the range of member spacings examined. In the wake of the upstream 
cylinder, at a separation distance of ten diameters, L = 10D, the 
lateral extent of the turbulent eddy is in excess of that at the 
corresponding location in the wake of the single cylinder. As the
members are brought closer together the value continuously decreases, 
and eventually, at spacings less than seven diameters, the eddy size 
is reduced to below that of the single cylinder equivalent. It is 
anticipated from the trend identified in the table that with the 
change in the flow pattern at three diameters, the length scale will 
be significantly reduced by the strong secondary flows established in 
the wake of the upstream member (Section 5.3.3). However, it was not 
possible to detemine the spanwise correlation at separation distance 
below three diameters due to the proximity of the downstream member 
to the anemometers.
A similar variation of the lateral length scale is seen in the case 
of the square bar. In this respect the value of LUy recorded in 
the table for a separation distance of ten section depths, L = 10D, 
is in excess of the corresponding single bar value, and with 
decreasing member spacing the lateral extent of the turbulent eddy is 
reduced. However, in this case the eddy size is consistently larger 
than that recorded in the wake of the single bar, except at the 
critical separation distance of three section depths.
The turbulence length scales presented above have shown that the 
lateral extent of the turbulent eddy generated at the centre of the 
upstream member varies with the separation distance of the 
configuration. However, the streamwise length of the eddy has been 
shown to be constant at member spacings above the critical value, and 
is of an order of magnitude similar to the cylinder diameter/section 
depth of the element. In the case of the perpendicular cylinders, 
the presence of this turbulence in the gap may have an effect upon 
the heat transfer rate from the surface of the downstream 
member,si nee it has been shown by several authors, Section 2.2.2, 
that such an increase occurs at the surface of a single cylinder when 
turbulence is introduced into the approach flow. This increased heat
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transfer capability is particularly significant if the turbulence has 
a length scale of a similar order to the cylinder's diameter, as is 
the case with regard to the turbulence in the approach flow to the 
central portion of the downstream cylinder. The implications of this 
result are examined in the following discussion, which also presents 
further measurements of the mean turbulence intensities in the gap at 
the centre of the perpendicular cylinders.
Heat Transfer Implications
The extent of the disturbance caused by the turbulence in the 
approach flow to the downstream cylinder has been assessed in 
Section 5.3.1, and was found to be largely confined to within two and 
a half diameters of the centre of the span. Within this region, the 
level of turbulence affecting the cylinder has been shown to vary 
with the separation distance between the members. To examine this 
variation in more detail turbulence intensity profiles were measured 
in the X-Y plane at a location one diameter upstream of the 
centre-line of the downstream member, X = -ID, over a range of 
spacings from three to ten diameters, 3D < L < 10D. From the results 
of each traverse the maximum values of the turbulence intensity 
occurring in the flow immediately upstream of the centre of the span 
were evaluated, and these are presented against separation distance 
in the table below.
Maximum value of turbulence intensity at X = -ID.
Member Spacing Turbulence Intensity at X = -ID
(L/D) u/2/Uq (max)
3 0.141
0.076
0.064
0.037
=0.0017
4
5
10
Freestream
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Observation of the intensities shown above reveals that the 
turbulence level in the approach flow to the central portion of the 
downstream cylinder is in excess of the freestream value throughout 
the range of spacings examined. In this respect, at a separation 
distance of three diameters, I - 3D, the intensity is increased by a 
factor of eighty. However, as the member spacing increases, the 
turbulence level shows a steady decrease, the value being reduced to 
twenty times the freestream when the separation distance is ten 
diameters, L = 10D.
To evaluate the possible effects of these results with regard to the 
heat transfer rates at the surface of the downstream cylinder it is 
necessary to consider some aspects of the relationship between fluid 
flow and heat transfer in the case of a single, two-dimensional
cylinder .in uniform flow.
The heat transfer from the surface of a cylinder can be described in 
terms of the local Nusselt number, Nu[_, mean Nusselt number, Num ,
and total Nusselt number, Nuq, where the Nusselt number is a 
non-dimensional parameter which has been defined in Section 2.2.2. 
The value of Nu|_ is a measure of the local heat transfer rate at a 
particular point on the surface, and this has been determined with 
regard to a circular cylinder by several authors. In the case of an 
airflow in the subcritical regime, 102 < Re < 105 , the sketch below 
shows the circumferential distribution of local Nusselt number 
obtained on a single cylinder by Kostic and Oka (1972). From these 
experimental results it is noted that the distribution can be divided 
into two sections. In the first part of the curve a maximum in Nu[_ 
occurs just beyond the stagnation point, where the laminar boundary 
layer begins to develop on the cylinder's surface, and the values 
then decrease sharply to a minima at flow separation, e*85°. The
second part of the curve is associated with the region of separated
flow and involves an increase of Nu[_ towards a peak coincident with 
the base pressure. However, the heat transfer rate at the latter 
point is reduced in comparison with the maximum on the forward face.
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Richardson (1963) considered the fluid phenomena associated with 
these two distinct regions and evaluated an expression for the mean 
Nusselt number of each in terms of the Reynolds number, Re . These 
take the form of Num = CjRg1^ 2 for the part of the surface 
subjected to the laminar boundary layer, and Num = C2Re2^3 for 
the separated regime. The constants Cx and C2 were evaluated from 
experimental data as 0.37 and 0.057 respectively for a cylinder 
immersed in a smooth (low turbulence) flow. Both values reflect the 
two regions of the local Nusselt number distribution shown in the 
sketch above, the heat transfer from the surface subjected to the 
boundary layer being greater than that associated with the separated 
flow.
Combining these two mean terms results in an expression for the total 
Nusselt number of a single cylinder in a low turbulence flow:-
Nuj = O.37R01/ 2 + 0.057 Re2/3 (after Richardson (1963)).
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This equation gives a value for the single cylinders used in the 
current study, where the freestream turbulence level is low at 0.17%, 
of Nuj « 94.
The introduction of turbulence into the approach flow affects the 
behaviour of the fluid at the surface of the cylinder and results in 
an. improvement to the heat transfer capability of the laminar 
boundary layer, Kostic and Oka (1972). A further increase is induced 
by transition to turbulence in the attached flow before separation, 
as occurs at the surface of the downstream cylinder in the 
perpendicular geometry, Section 5.3.1. The effects of such changes 
have been taken into account in the equations of Richardson (1963), 
by providing a range of values for Cx and C2 . For example, a 
turbulence intensity of 10% in the approach flow results in the 
equation:
Nux = 0.55Re1/2 + 0.084Re2/3
which gives a value for the downstream cylinder in the current study 
of Nut ~ 140- This represents an increase in total heat transfer
of 48% compared with the low turbulence case, and this might be
expected to occur at a member spacing of three diameters, L = 3D, 
when the intensity in the approach flow to the downstream cylinder is 
in excess of 10%. The turbulence does, however, decrease as the 
distance between the cylinders increases, and it is therefore 
suggested that the associated heat transfer rates will also decrease 
relative to those recorded at lower member spacings.
In this section of the discussion the flow regimes that occur in the
gap at the centre of the perpendicular configuration have been
examined in detail. These cause a considerable disturbance to the 
airflow around the downstream member and contribute to the complex 
fluid motion in the wake of the perpendicular geometry. This 
relationship is considered in the following section which assess the 
results of the wake measurements.
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5.3.3 Wake Measurements
The highly complex flow fields created in the near wake of two 
non-connecting perpendicular cylinders, or bars, are examined in this 
section of the discussion. The assessment begins with a description 
of the effect of member spacing on the flow conditions in the wake at 
the centre of the downstream span. This is followed by a detailed 
account of the near wake flow regimes and their effect upon the 
turbulence field generated by the configuration.
The streamwise spatial correlations, RU(X) determined in the wake 
of the downstream cylinder, at the centre of the span, for a range of 
separation distances from one to fifteen diameters; ID < L < 15D, are 
presented in Figure 61, together with the result obtained in the wake 
of a single cylinder. At a member spacing of fifteen diameters, 
L = 15D, the fluid motion in the wake of the downstream cylinder 
exhibits a correlation which is similar in character to the curve 
associated with the single model. In this respect both correlations 
display periodicity in the variation of the coefficient, and the 
positions of the peak positive and negative values approximately 
coincide. From this result it is evident that vortex shedding occurs 
from the downstream cylinder at large spacings, and that the distance 
between the shed vortices (the shedding wavelength) is equivalent in 
each case. For example, the first two positive peaks in the L = 15D 
correlation are five diameters, 5D, apart, compared with 4.66D for 
the corresponding peaks in the case of the single cylinder. However, 
despite this similarity, a disturbance to the shedding process in the 
wake of the downstream member is apparent in the reduction of the 
correlation coefficients in comparison with single cylinder values at 
each streamwise location. This decrease is caused by the turbulence 
generated in the wake of the upstream member, the effect of which is 
to alter the flow conditions at the surface of the downstream 
cylinder, as shown in the circumferential pressure distributions 
discussed in Section 5.3.1. The result of this disturbance is a 
narrowing of the vortex formation region at the rear of the body. 
Consequently, the vortices shed from the downstream member are highly 
turbulent and decay rapidly in the streamwise direction, as is 
evident in the reduced correlation recorded in Figure 61.
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As the distance between the cylinders is decreased from fifteen 
diameters, the turbulence level in the approach flow to the 
downstream member increases, Section 5.3.2, and therefore the 
disturbance to the shedding process also increases. This is 
reflected in the streamwise correlation recorded in Figure 61 for a 
member spacing of ten diameters, L = 10D, which shows that the 
coefficients determined at locations beyond fourteen diameters from 
the cylinder, X > 14D, are approximately zero. The latter indicates 
that the fluid motion in this region is 'uncorrelated1, with regard 
to the u-component in the X-direction and, therefore, that the 
turbulent vortices shed from the downstream member have decayed 
completely by X = 14D. Further decreases in the member spacing 
result in an upstream migration of the point of zero correlation as 
the vortex shedding process becomes increasingly disturbed. 
Eventually, at separation distances below three diameters, L < 3D, 
the fluid motion in the wake is uncorrelated at all locations. This 
coincides with a total suppression of vortex shedding at the centre 
of the downstream cylinder as a result of the strong secondary flows 
established at the surface by the horseshoe vortex flow pattern 
(Section 5.3.1). This feature is generated at member spacings below 
the critical value of three diameters and is discussed in detail 
later in the text.
Having considered the effect of the separation distance upon the 
vortices shed at the centre of the downstream cylinder, the 
corresponding changes in the spanwise extent of the turbulent eddy is 
now assessed by examining the variation of the lateral turbulence 
length scale, Luz. The latter was calculated for member spacings 
in the range; ID < L < 15D, from the Z-direction spatial
correlations, RU(Z), recorded two diameters downstream of the 
cylinder, Figure 62, and are presented in the table below;
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Turbulence length scale, LM7, in the wake of the 
downstream cylinder
Member Spacing 
L
(D)
Length Scale
Luz
(D)
15
10
5
3
2
1
0.56
0.46
0.27
0.26
0.19
0.09
2.09Single Cylinder
(All values determined with a fixed wire position of; X = 2D, 
Y = 0.5D, Z = 0D).
The coefficients presented in Figure 62 for a separation distance of 
fifteen diameters, L = 15D, reveal that the disturbance to the flow 
conditions around the downstream cylinder, caused by the turbulence 
generated by the upstream member, reduces the spanwise correlation 
recorded in the wake. This is evident in the rapid decrease of the 
coefficient to zero within two and a half diameters of the 
centre-line, Z = 2.5D, compared with six diameters for the single 
cylinder in uniform flow. Consequently, the value of the length 
scale, Luz, calculated from the correlation is considerably 
reduced, as shown in the table above, and the lateral size of the 
turbulent eddy shed by the downstream member is, therefore, much 
smaller than the equivalent shed by the single cylinder. The 
increase in the level of disturbance with decreasing separation 
distance results in a further reduction in the size of the eddy, and 
at spacings below three diameters, L < 3D, the length scale, Luz, 
decreases to practically zero. The latter result is due to the total 
suppression of the vortex shedding process at the centre-line of the 
downstream cylinder when the member spacing is small.
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The surface pressure measurements discussed in Section 5.3.1 revealed 
that the flow conditions around the downstream square bar are 
somewhat different to those associated with the circular cylinder, 
and this is also evident in the spatial correlation results. The 
streamwise correlations, R^U), determined in the wake of the 
bar, at the centre of the span, for a range of member spacings from 
one to fifteen section depths; ID < L < 15D, are shown in Figure 63. 
For separation distances of three section depths and above, L > 3D, 
the correlation does not exhibit the periodicity associated with a 
vortex street. This suggests that the shedding process at the
centre-line of the downstream bar is considerably more disturbed by 
the turbulence generated in the wake of the upstream member at larger 
spacings, than is the case with the circular cylinder. However, the 
opposite result occurs at separation distances below three section 
depths, L < 3D. In the latter range of member spacings the
correlations exhibit well defined periodicity, and this implies that 
vortices are shed from the bar when the gap width is small. The
strength of the periodicity in the correlation shows that the shed 
vortices are relatively undisturbed in the wake of the configuration, 
and suggests that they may persist for a considerable distance
downstream. The spacing of the vortices can be estimated from the
correlation curves in Figure 63 as eight section depths when L = 2D, 
and twelve section depths when the bars are in contact, L = ID, 
compared with a wavelength of five and a half section depths in the 
wake of the single bar.
The spanwise correlations, RU (Z), recorded at two section depths 
downstream of the square bar, for a range of member spacings from one 
to fifteen section depths; ID < L < 15D, are presented in Figure 64. 
These provide an indication of the lateral extent of the disturbance 
to the turbulent eddy generated at the centre of the downstream span, 
and reflect the spacing related changes to the flow regime which have 
been discussed above. For separation distances of three section 
depths and above, L > 3D, when the vortex shedding process is
considerably disturbed, the correlation coefficients decrease rapidly 
to zero with spanwise distance away from the centre of the bar. The 
size of the turbulent eddy is therefore reduced, and this is evident 
in the integral length scales, Luz, calculated from the curves in 
Figure 64. These are presented in the table below, and show that the
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value of Luz remains approximately constant over the range of 
spacings; 3D < L < 10D, at 30% of the single bar equivalent. At a 
separation distance of two section depths, L = 2D, when vortices are 
shed from the centre of the bar with an increased wavelength, the 
lateral extent of the turbulent eddy is further reduced and, 
therefore, it is deduced that this mechanism is confined to the 
central portion of the downstream span. However, it is noted that 
the eddy size increases, relative to the L = 2D case, when the bars 
are in contact at the centre, L = ID. This is indicative of the 
strength of the vortex formation process at this member spacing, a 
feature which is also evident in the associated spanwise correlation, 
Figure 64. The latter displays a profile of similar character to the 
correlation recorded in the wake of the single bar, with coefficients 
which are reduced in numerical value.
Turbulence length scale, Lll7, in the wake of the downstream bar
Member Spacing Length Scale
L Luz
(D) (D)
15 0.61
10 0.50
5 0.49
3 0.50
2 0.13
1 0.39
Single Bar 1.61
(All values recorded at a fixed wire position of; X = 2D, Y = 1.0D, 
Z = OD).
The spatial correlation results discussed above have provided details 
of the disturbance to the vortex shedding process at the centre of 
the downstream span and, in this respect, the degree of interference 
was found to be dependent upon both member spacing and section type. 
At separation distances of three diameters/section depths and above 
L > 3D, the shedding mechanism associated with both the cylinder and 
bar are subject to a disturbance caused by the turbulence generated 
in the wake of the upstream member. However, at spacings below this
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value, L < 3D, the two section types produce different flow regimes 
in the wake. In the case of the downstream cylinder, the presence of 
secondary flow at the surface of the member results in a total 
suppression of vortex formation, whereas in the wake of the square 
bar vortices are shed with a wavelength which is in excess of that 
associated with shedding from a single bar. To examine these flow
regimes in more detail, particularly with regard to the vortex
formation region, measurements were made of mean velocity profiles in 
the X-Y plane at the centre of the span (Z = OD) for separation 
distances of L - ID, L - 2D and L = 3D.
The velocity profiles measured in the near wake, X < 5D, of the
circular cylinder are presented as Figure 65, together with that 
recorded in the wake of a single cylinder. The results corresponding 
to separation distances of L = ID and L = 2D show that the mean
velocities in the immediate wake of the downstream member are
considerably disturbed relative to those of the single cylinder, and 
the absence of negative values at X = ID suggests that a
recirculation region is not present in the wake. This reflects the
suppression of vortex formation at member spacings below three 
diameters, L < 3D. However, at a separation distance of three
diameters, L = 3D, the reduction in the interference effects due to 
the secondary flows at the surface of the member results in velocity 
profiles which are a closer approximation to those of a single 
cylinder. Indeed, the profile measured at X = ID suggests that a 
recirculation region is established at X < ID and, as such, this
feature is reduced in size relative to the corresponding region in 
the wake of a single cylinder. This result reflects the interference 
to the vortex shedding process caused by the turbulence in the 
approach flow to the downstream member.
The corresponding profiles measured in the wake of the perpendicular 
square bars are presented in Figure 66, and these clearly illustrate 
the differences between the regimes in the wake of the bar and 
cylinder, particularly when the members are in contact at the 
centre. In this respect, the mean velocities recorded when L = ID 
show the presence of a recirculation region of a size considerably 
greater than that associated with vortex formation in the wake of a 
single bar. This results in negative mean velocities extending to
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three and a half section depths downstream of the member, X = 3.5D, 
and gives rise to the shedding of vortices with a wavelength of 
twelve section depths, as determined in the spatial correlation
work. However, an increase in the spacing of the members to L = 2D 
leads to a reduction in the extent of the recirculation region and, 
therefore, negative mean velocities were only recorded up to one and 
a half diameters from the cylinder, X = 1.5D. At a separation
distance of three section depths, L = 3D, the mean velocities in the 
wake display profiles which are similar to those of a single bar, 
although they are distorted by the turbulence generated in the wake 
of the upstream member.
To assess the effects of these changes in the flow conditions upon 
the turbulence level generated at the centre of the downstream 
member, measurements were made of the corresponding turbulence 
intensities, u/2/UQ2 in the wake of the L - ID, L = 2D and L ~ 3D 
configurations. Observation of the intensities obtained in the wake 
of the cylinder, Figure 67 reveals that the total suppression of 
vortex shedding when the members are in contact, L = ID, results in a 
considerable reduction in the turbulence level at the centre of the 
span. This is particularly evident in the decay of the maximum 
values at each location, Figure 68. The latter shows that the
absence of a recirculation region in the immediate wake leads to a
significant decrease in the maximum intensities within two and a half 
diameters of the member, X < 2.5D, the value recorded at X = ID being 
30% of the corresponding single cylinder intensity. Beyond this 
region, X > 2.5D, the turbulence in the near wake decays slowly, and 
at five diameters downstream, X = 5D, the intensities are almost
equivalent to the single member distribution, Figure 67.
The effect upon the turbulence field of the introduction of a gap 
between the members can also be assessed from Figure 68. At a
separation distance of two diameters, L = 2D, vortex shedding is 
still suppressed at the centre of the span by secondary flows, and 
the maximum intensities are therefore reduced relative to those of 
the single cylinder. However, a slight increase in turbulence 
compared with the members in contact case, L *= ID, is evident in the
region, X < 2D, the maximum at X = ID being 45% of the single
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cylinder value. A further increase in the member spacing to three 
diameters, L = 3D, produces a significant change in the flow pattern 
with the onset of distorted vortex shedding at the centre of the 
downstream span. Although this mechanism is disturbed by turbulence 
from the upstream cylinder, the shed vortices create a turbulence 
field in the X-Y plane which is similar in character to that in the 
wake of the single cylinder, Figure 67. This is also evident in the 
decay rate profile, Figure 68, which exhibits a similar shape to that 
of the single cylinder, but with reduced numerical values. It is
anticipated from this result that at larger member spacings the 
turbulence levels in the wake tend towards single cylinder values.
The results obtained at corresponding locations in the wake of the 
square bar, Figure 69, reveal that a unique distribution of 
turbulence occurs in the X-Y plane when the members are in contact,
L = ID. In this respect, the profiles show a distinct shift
downstream of the position of peak intensity, and an increase in the
turbulence levels at locations beyond two section depths, X > 2D. 
This is particularly evident in the decay of maximum intensities, 
Figure 70, which shows that the peak intensity recorded at two and a 
half section depths downstream of the bar, X = 2.5D, is 70% greater 
than the corresponding single bar value. Conversely, the intensity 
measured immediately behind the member, X = ID, is reduced to
approximately 40% of the single bar equivalent. Both of these
changes to the turbulence field reflect the increased size of the 
recirculation region in the wake, and the downstream movement of 
vortex formation.
An increase in the spacing of the bars to two section depths, L = 2D, 
results in a reduction in the size of the recirculation region, as 
was evident in the corresponding velocity profiles discussed earlier, 
and a re-location of vortex formation at the rear of the member.
Consequently, the position of peak intensity migrates upstream to 
X = 1.5D, Figure 70, and the turbulence levels in the near wake,
2D < X < 5D, decrease relative to the intensities recorded when the 
bars are in contact, L = ID. Although the turbulence in the 
immediate wake, X < 2.5D, is increased compared with the L = ID case, 
the intensity is still below single member values. For example, the 
peak intensity found at one and a half section depths downstream, 
X = 1.5D, is approximately 85% of the single bar equivalent.
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A further increase in the separation distance to three section 
depths, L = 3D, results in a decay rate of similar character to that 
of the single bar, but with the reduced numerical values in the 
immediate wake. In this case the decrease in the turbulence levels 
in the recirculation region reflects the distortion to the vortex 
shedding process caused by turbulence generated from the upstream 
member.
The mean velocities, turbulence intensities and turbulence length 
scales discussed above have provided details of the disturbance to 
vortex shedding at the centre-line of the downstream member in the 
perpendicular configuration. The interference effects were found to 
be dependent upon both the member spacing and section geometry, and 
are a result of complex three-dimensional flow regimes established 
around the centre of each configuration. In this respect, the 
disturbance is produced by a combination of.the fluid motion in the 
gap formed between the members, and secondary flows in the wake of 
the node. The flow conditions in the gap were assessed in Section
5.3.2, whereas the regimes in the wake of the perpendicular 
configurations are considered in the next part of this discussion.
In Section 5.3.1 it was shown that the disturbance generated at the 
surface of each member in the geometry is largely confined to a 
spanwise region within two and a half diameters of the centre. 
Beyond this, at locations in the outer region, the conditions have 
been found to be quasi two-dimensional. The wake investigation was, 
therefore, confined to an examination of the inner region, where the 
main features of the disturbance are trailing vortices and their 
associated secondary flows. To assess these in detail, secondary 
vorticity distributions were determined over a series of Y-Z planes 
in a single quadrant of the wake, Figure 2, defined by the limits, 
Y < 2.5D, Z < 2.5D, and positioned at selected locations downstream 
of the perpendicular configurations. In order to ensure a reasonably 
accurate result, the measurements grid within each plane was composed 
of 256 data points, Section 5.2.3, and this was traversed four times 
to obtain the v and w velocity components used in the vorticity 
calculations. This experimental procedure required a total data 
acquisition time of 32 hours per plane. Consequently, it was 
necessary to restrict the extent of the investigation to three planes 
in the near wake of each configuration, and to three member spacings.
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With regard to the location of each plane, X co-ordinates of X = ID 
and X = 2D were considered most appropriate to provide information 
about the secondary flows in the immediate wake, and X = 4D was 
chosen for details of the stability of the flow patterns as they 
develop in the streamwise direction. The choice of member spacing 
was based upon the results previously presented in this section, 
which have suggested that the secondary flows produced by the 
geometry are particularly important with regard to the wake regime at 
separation distances below three diameters/section depths, L < 3D. 
Consequently, the member spacings examined in this study were; 
L = ID, L = 2D and L = 3D, the latter being considered as indicative 
of the general flow patterns at separation distances up to ten 
diameters/section depths (an assumption based on the surface pressure 
and wake measurements already discussed).
The mean flow patterns determined from the measurements of secondary 
vorticity in the wake of each perpendicular configuration will now be 
considered in detail. To assist in this discussion, the main 
findings of the investigation have been summarized in Figures 71 and 
72 for the circular cylinders and square bars respectively. These 
depict the characteristics of the secondary circulations recorded at 
each member spacing, and will be referred to in the following text.
The vorticity distributions recorded in the Y-Z plane at X = ID, 
X = 2D, and X = 4D when the members are in contact at the node of the 
geometry (L = ID) are presented in Figures 73(a), (b), (c) and
Figures 74 (a), (b), (c), for the circular cylinders and square bars 
respectively. At a distance of one diameter downstream of the node, 
X = ID, both configurations produce a dominant area of negative
vorticity and a smaller region of positive circulation as shown in
the sketch below, although the precise nature of the distribution is 
dependent upon the section type of the members. In the case of the 
circular cylinders, these features corroborate the existence of the 
flow regimes proposed by Zdravkovich (1983) for a similar model, and 
those evaluated from the pressure measurements discussed in 
Section 4.3.3. In this respect, the complex negative circulation at
the centre of the wake, Figure 73(a), may be regarded as a section
through the horseshoe vortex illustrated in Figure 71(a). This 
secondary circulation is generated from a position adjacent to the
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point of contact on the downstream cylinder and converges on the wake 
centre-line, hence the suction peak recorded at Z = 0.5D in 
Figure 27(b). It is this feature which is responsible for the total 
suppression of vortex shedding at the centre of the downstream span. 
The positive circulation is a section through a trailing vortex
generated at the rear of the upstream cylinder, as shown in
Figure 71(a). This is an intense vortex in the immediate wake of the 
geometry (X = ID) with a centre at Y = 1.75D which corresponds to the 
suction peak recorded in Figure 27(a). The secondary flows
associated with this feature decay rapidly in the downstream
direction as is evident in Figures 73(b) and (c). These show that 
the peak vorticity is reduced by 50% at X = 2D, and by over half 
again at X = 4D. This reduction is accompanied by an expansion of 
the vortex in the wake which results in an increased area of positive 
vorticity. Conversely, the negative circulation initially
intensifies to produce a peak vorticity . at X = 2D of a value
approximately 70% greater than the peak vorticity at X = ID, before 
decaying rapidly in the streamwise direction. Figure 73(c) shows 
that the peak vorticity at X = 4D is 50% of that recorded in the
immediate wake at X - ID.
General vorticity distribution at X = ID when the members are in
contact (L = ID);
C y lin d e rs Bars
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Although the sketch above shows that the vorticity distribution at 
X = ID in the wake of the square bars is dominated by a similar area 
of negative vorticity, the precise nature of the flow regime shown in 
Figure 72(a) is somewhat different. In this respect, the vorticity 
distribution presented in Figure 74(a) reveals that the negative 
circulation is characterised by an intense centre at Y = 1.25D, and
that there is no vorticity in the immediate wake of the downstream
bar. Consequently, this horseshoe vortex does not produce a suction
peak in the spanwise pressure distribution recorded on the latter 
member, Figure 30(b), and a streamwise recirculation region therefore 
develops at the centre of the span. This enables the process of 
vortex formation to occur in the wake of the downstream member, as 
identified in the mean velocity profiles and spatial correlation
results previously presented. Hence, it would appear that the 
spanwise movement of air along the rear of the downstream bar is 
relatively small compared with the secondary flows associated with 
the horsheshoe vortex generated at the surface of the downstream 
cylinder, Figure 71(a).
The trailing vortex generated in the wake of the upstream bar is 
evident in Figure 74(a) as an area of positive vorticity, which is of 
a similar intensity to that found at the same location in the wake of 
the circular cylinders. The centre of the vortex, at approximately 
Y = 2.25D, corresponds to the position of the suction peak found in 
the spanwise base pressure distribution of Figure 30(a).
The decay rate of both the positive and negative vorticity in the 
near wake can be assessed from Figures 74(b) and (c). These show 
that the intensity of the negative circulation decreases considerably 
by X = 2D, as a result of the strength of the streamwise
recirculation region, and that the positive circulation is displaced 
from the section of the wake under examination. At four section 
depths downstream, Figure 74(c), the centre of the horseshoe vortex 
diverges from the wake centre-line and converges upon the Z-axis. 
This movement, which is shown in Figure 72(a) results in a minimal 
disturbance to the vortex street produced at the centre of the span, 
as was evident in the spatial correlation work.
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The introduction of a gap between the members alters the flow regimes 
in the wake of each node, and these changes are summarized in 
Figures 71(b) and 72(b) for a separation distance of two 
diameters/section depths, L = 2D. The corresponding vorticity
distributions are presented in Figures 75(a), (b), (c), and 76(a), 
(b), and (c), for the circular cylinders and square bars 
respectively. In both wakes, the influence on the flow pattern of
the positive circulation generated by the upstream member is reduced, 
and the dominant area of negative vorticity persists, as shown in the 
sketch below for X = ID. However, the precise effect of the gap 
between the members upon the structure of the secondary flow is 
dependent upon section type.
General vorticity distribution at X = ID for a member 
spacing of L = 2D;
Cylinders Ba rs
In the case of the circular cylinders, the centre of the positive 
circulation is located at Y = 1.5D in the immediate wake,
Figure 75(a), and the vorticity at the centre of this feature is 
considerably reduced in comparison with the corresponding vortex 
associated with the L = ID configuration, Figure 73(a). The position 
of the centre shows that the trailing vortex has migrated spanwise 
away from its point of generation, which was previously determined 
from Figure 33 as Y = ID on the surface of the upstream cylinder. In 
addition, the decay of the vortex in the streamwise direction can be 
assessed from Figures 75(b) and (c), which show that at four 
diameters downstream of the geometry the positive vorticity is 
negligible.
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In contrast to the weaker positive circulation, the negative 
vorticity associated with the horseshoe vortex is a much more 
significant feature in the immediate wake of the L = 2D geometry, 
Figure 75(a), than is found when the cylinders are in contact at the 
node, Figure 73(a). The centre of this intense secondary flow is 
located at Z = 0.5D, which corresponds to the suction peak recorded 
in the pressure distribution of Figure 36, and consequently a 
considerable interference to the streamwise flow conditions occurs at 
the centre of the downstream span, as shown in Figure 71(b). As this 
negative circulation decays in the near wake, Figures 75(b) and (c), 
the centre of maximum vorticity moves laterally away from the node 
and decreases in intensity to a value at X = 4D which is 20% of that 
in the immediate wake, X = ID.
The effect of the change in member spacing upon the secondary flows 
in the wake of the square bars can be assessed from Figure 76(a), (b) 
and (c). The intensity of the positive circulation generated at the 
upstream member is reduced by a similar proportion to that associated 
with the circular cylinders, and the maximum value at X = ID is 
equivalent for both section types. In addition, the vortex decays at 
a similar rate in the streamwise direction, with the positive 
vorticity at X = 4D, Figure 76(c), being reduced to a negligible 
amount. However, despite these similarities, the wake regime 
produced by the square bars, Figure 72(b) continues to exhibit 
different characteristics to that found in the wake of the cylinders, 
Figure 71(b). In this respect, at X = ID, Figure 76(a), the centre 
of the horseshoe vortex is located on the bisector of the quadrant, 
above the downstream bar, and the maximum intensity of the associated 
vorticity is reduced in comparison with the members in contact 
configuration, Figure 74(a). However, the secondary circulation 
recorded in the immediate wake of the downstream bar is more 
significant in this case than when the bars are in contact, although 
the interference effects at the centre of the span are still small. 
Hence, streamwise vortex formation continues to occur in this 
region. In addition, as the horseshoe vortex decays with downstream 
position, the disturbance at the centre of the wake is further 
reduced by a lateral migration of this feature away from the node, 
Figure 72(b). Consequently, the vortices shed from the centre of the 
downstream bar form a vortex street, the characteristics of which
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Increasing the member spacing to three diameters/section depths, 
L = 3D, leads to a change in the nature of the secondary flow regime 
in the wake of both configurations, Figures 71(c) and 72(c). This is 
evident in the voriticity distributions presented as Figures 77(a), 
(b) and (c) and 78(a), (b) and (c), for the circular cylinders and 
square bars respectively. In the case of the circular cylinders the 
positive circulation is no longer present in the immediate wake, as 
shown in the sketch below, and, therefore, it is deduced that the 
suction peak at Y = ID on the surface of the upstream member, Figure 
33, is associated with a weak trailing vortex which decays completely 
by X = ID. Further increases in the separation distance beyond three 
diameters have been found to result in a return of the flow
conditions around the upstream member to those of a single cylinder,
(Section 5.3.1), and consequently the generation of this trailing
vortex does not occur at large spacings.
were identified in the spatial correlation work discussed earlier.
General vorticity distribution at X = ID for a member 
spacing of L = 3D;
Cylinders Bars
In addition to the change in the positive circulation, the negative 
vorticity in the wake of the cylinders also alters significantly 
when the member spacing is increased to three diameters. In this 
respect, the horseshoe vortex is no longer generated, Figure 71(c), 
and is replaced by a trailing vortex similar to that produced at the 
rear of the upstream member at smaller spacings. Consequently, 
Figure 77(a) shows that in the immediate wake the maximum negative
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vorticity is reduced relative to the L = 2D distribution, 
Figure 75(a), and that the centre of maximum vorticity is located at 
a position further from the node. It is anticipated from the series 
of suction peaks recorded at Z s 1.0D on the surface of the 
downstream cylinder, Figure 36, that this regime persists in the wake 
for increased separation distances up to ten diameters, L = 10D. As 
the negative vorticity decays in the streamwise direction, the 
trailing vortex diverges from the centre-line of the wake, as is 
evident in Figure 77(b) and (C), and the interference effects at the 
node decrease considerably. Consequently, streamwise vortex shedding 
dominates the flow conditions at the centre of the downstream 
cylinder, as was evident in the spatial correlation results.
The vorticity distributions presented in Figure 78(a), (b) and (c) 
reveal that a similar secondary flow regime exists in the wake of the 
perpendicular square bars when the separation distance is three 
section depths, L = 3D. In this respect, the positive circulation 
generated on the surface of the upstream bar is no longer present at 
X = ID, and the negative vorticity associated with the trailing 
vortex at the downstream bar is centred at a spanwise location away 
from the node, Figure 72(c). In addition, the latter feature has a 
similar intensity and decay rate to the corresponding circulation 
behind the perpendicular cylinders, as is clearly seen by a 
comparison of Figure 77 with Figure 78.
The discussion of the near wake regime has, thus far, concentrated on 
the effect of member spacing upon the secondary flow field induced by 
the perpendicular configurations,- and the disturbances to the 
streamwise vortex shedding process associated with the downstream 
member. To complete the analysis, the remainder of the discussion 
assesses the characteristics of the turbulence generated at the node 
of the geometry when the members are spaced at separation distances 
of L = ID, L = 2D, and L = 3D. To achieve this, a detailed 
examination is made of the distribution of longitudinal turbulence 
intensities, u/2/U2 , in Y-Z planes corresponding to those considered 
in the discussion of vorticity, and this is followed by a description 
of the effect of member spacing on the turbulent kinetic energies 
associated with the fluid motion.
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The distribution of the longitudinal turbulence intensities measured 
in the near wake (X < 5D) of the perpendicular cylinders forming a 
point of contact, L = ID, are presented in Figures 79(a), (b)
and (c). At each downstream location the general contour pattern in 
the quadrant is influenced to a large degree by the perpendicular 
arrangement of the members. In this respect, the distribution is 
similar to that found in the wake of the intersecting cylinders 
examined by Osaka et al (1983b), (Section 2.4.2). The latter 
investigation revealed a cross pattern in the normal turbulence 
intensities measured in the far wake at X = 30.5D, and a maximum 
intensity was recorded at the centre of the distribution. However, 
the results presented for the immediate wake, X = ID, of the 
displaced cylinders, Figure 79(a), show that the peak intensities 
are, in this case, located away from the node. In fact, two centres 
are evident, one in the wake of each member corresponding to the 
positions of the secondary circulations, Figure 73(a), and with 
values which are approximately equivalent. With regard to the centre 
associated with the downstream member, the peak intensity is below 
that found at a corresponding location in the wake of a single 
cylinder (= 0.3) and, as such, reflects the suppression of vortex 
formation at the node. The latter is particularly evident in the 
values of the intensities recorded at the rear of the member, Y < 0.5 
in Figure 79(a), which are small (= 0.03) in comparison with those 
found at the same location in the recirculation region, produced by a 
single cylinder shedding vortices (= 0.1, Figure 66). The spacing of 
the contours located above this region of low turbulence shows that a 
rapid change of intensity occurs in the Y-direction over the range; 
0.5D < Y < ID. This can be regarded as indicative of the position of 
the free shear layer separated from the downstream member and, as 
such, reveals that this feature has been displaced in the Y-direction 
by the presence of the secondary flows in the wake. (The free shear 
layer in the wake of the single cylinder is located at Y < 0.5D at 
the corresponding downstream position, Figure 66).
As the turbulence field expands in the downstream direction, 
Figures 79(b) and (c), the distribution of longitudinal turbulence 
retains the same basic shape. However, the centre of maximum 
intensity associated with the downstream cylinder migrates away from 
the node and reaches a peak at X 2D, before decaying
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rapidly. In this respect, the peak value at X = 2D is 40% greater 
than the maximum recorded in the plane at X = ID, and the intensity 
at X = 4D is only 60% of the same value. Conversely, the centre 
associated with the upstream cylinder remains stationary and decays 
rapidly downstream.
The corresponding distributions of longitudinal turbulence measured 
in the near wake of the perpendicular square bars in contact at the 
node, L = ID are presented in Figures 80(a), (b) and (c). These also
display a contour pattern which is considerably influenced by the
perpendicular arrangement of the members, but in this case a single, 
well defined, centre of maximum intensity occurs on the bisector of 
the quadrant at X - ID, Figure 80(a). The position of this feature 
reflects the location of the intense secondary circulation generated 
by the configuration, as evident in the vorticity distribution shown 
in Figure 74(a). However, despite this disturbance, it has been 
shown previously in this discussion that a large streamwise 
recirculation region, associated with vortex formation, is present at 
the centre of the wake when the bars are in contact. This feature is 
also apparent in the turbulence distribution measured at X = 2D, 
Figure 80(b), which shows that the contours in the region Y < 0.5D
are of an intensity in the range; 0.1 to 0.15, as might be expected
in a recirculation region. At downstream locations beyond vortex 
formation the turbulence distribution retains its perpendicular shape 
and the intensities are reduced, Figure 80(c), although the values 
are above those recorded behind the cylinders.
The vorticity distributions discussed earlier have shown that a 
change occurs to the secondary flow field when a gap is introduced at 
the centre of the geometry, L = 2D. In the case of the circular 
cylinder, the trailing vortex generated by the upstream member 
becomes weaker, whereas the secondary circulation associated with the 
horseshoe vortex increases in significance and moves towards the 
centre of the wake. These changes are reflected in the longitudinal 
turbulence intensities presented in Figure 81(a), (b) and (c). At 
X = ID, Figure 81(a), the centre of maximum intensity found in the 
wake of the upstream cylinder when L = ID is no longer present and, 
instead, the distribution displays a single centre of peak 
intensity. The latter is coincident with the centre of the horseshoe
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vortex generated around the downstream cylinder, Figure 75(a). The 
strength of the secondary flows at this position in the wake prevent 
steamwise vortex formation, and consequently the intensities at the 
rear of the downstream cylinder (Y < 0.5D) are low relative to those 
in the recirculation region of a single member. As the turbulence 
field expands in the wake, Figures 81(b) and (c), the centre of 
maximum intensity migrates away from the node with the movement of 
the horseshoe vortex. In addition, the intensties reach a peak at 
X = 2D, before decaying rapidly in the wake.
The distributions of longitudinal turbulence measured in the near 
wake of the perpendicular square bars for a separation distance of 
two section depths, L = 2D, are presented in Figures 82(a), (b) 
and (c). These are, in general, similar to those recorded in the 
wake of the perpendicular cylinders. In the immediate wake, Figure 
82(a), the maximum turbulence level occurs at the centre of the 
horseshoe vortex created around the downstream bar, and with 
increasing distance downstream, Figures 82(b) and (c), the values of 
these intensities increase to a peak at X = 2D, before decaying 
rapidly in the wake.
The most significant change in the flow conditions associated with 
the perpendicular cylinders occurs at a separation distance of three 
diameters, L = 3D. At this spacing a reduction in the influence of 
the secondary flow field upon the streamwise conditions allows vortex 
formation to occur at the centre of the downstream span, although the 
mechanism is somewhat distorted by the turbulence generated in the 
wake of the upstream member. This alteration to the flow pattern is 
particularly evident in the distribution of longitudinal turbulence 
intensity measured in the immediate wake of the cylinders, 
Figure 83(a). In this respect, the latter shows that the influence 
of the perpendicular geometry on the turbulence field is considerably 
reduced and, instead, the effect of the downstream member dominates 
the contour pattern. Indeed, the distribution is indicative of the
presence of a vortex cell, with a recirculation region which exhibits 
turbulence intensities in excess of 0.1. In addition, the rapid 
decay of the vortices in the wake results in a continuous decrease of 
the turbulence level in the downstream direction, Figures 83(b)
and (c), the increase to a peak at X = 2D recorded for the L = ID,
and L = 2D cases being no longer evident.
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With regard to the perpendicular square bars arranged at a member 
spacing of three section depths, L = 3D, the vortex shedding process 
associated with the downstream bar is considerably more disturbed by 
the turbulence in the wake of the upstream member than is the case 
with the cylinder configuration. Consequently, although the 
influence of the perpendicular geometry decreases in the immediate 
wake, Figure 84(a), the downstream member does not dominate the 
turbulence distribution so distinctly. However, the intensities in 
the region Y < 0.5D are of an order that might be expected in a 
recirculation region associated with vortex formation. In addition, 
the expansion of the turbulence field in the wake, Figures 84 (b) 
and (c), also leads to a continuous decrease in the intensities, as 
is the case in the wake of a single bar shedding vortices.
The maximum longitudinal turbulence intensities recorded in the Y-Z 
plane at X = ID in the wake of each of the configurations examined 
in this section of the discussion are presented in the table below, 
together with the corresponding single member values. From these 
results it is clear that, in the case of both section types, the 
turbulence level in the immediate wake of the perpendicular geometry 
is reduced when compared with the same location at the rear of the 
single member. However, there is a distinct trend towards the latter 
value as the separation distance is increased.
Maximum turbulence intensity recorded at X = ID in the near wake of 
each node
Member Spacing Circular Cylinders Square Bars
(L/D) u' 2 u ' 2
Uo
1 0.12 0.15
2 0.16 0.20
3 0.24 0.21
Single Element 0.29 0.30
Finally, to determine the contribution of the secondary fluctuations, 
v/2 and w /2 to the overall turbulence field, an assessment will now 
be made of the distribution of turbulent kinetic energy in the near
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wake. This quantity was calculated for the Y-Z plane at X = 2D 
downstream of configurations with member spacings of L = ID, L = 20 
and L = 3D.
The distributions of turbulent kinetic energy in the Y-Z plane at 
X = 2D in the wake of the circular cylinders are presented as 
Figures 85(a), (b) and (c) for L = ID, 2D and 3D respectively. 
Observation of these reveals that the contour pattern associated with 
each member spacing is similar in character to the corresponding 
distributions of longitudinal turbulence intensity, and it can 
therefore be deduced that the streamwise fluctuations dominate the 
energy field. This is particularly evident when the cylinders are in 
contact, L = ID. At this spacing the distributions exhibit two 
distinct centres of peak energy, Figure 85(a), which are located away 
from the node at positions corresponding to the peak turbulence 
intensities in Figure 79(b). In addition, the numerical values of 
the turbulence energies recorded in the plane are similar to the 
longitudinal intensities, and thus the combined contribution of the
ft r\
v' and w / components to the overall energy distribution is 
approximately half that of the u/2 component. It is also noted that
the perpendicular shape to the contours is similar to the cross
pattern found in the kinetic energy field recorded at X = 30.5D in 
the wake of intersecting cylinders, Osaka et al (1983b) 
(Section 2.4.2).
An increase in the cylinder spacing to two diameters, L = 2D, 
Figure 85(b), results in a kinetic energy field which is again 
similar to the longitudinal turbulence distribution, Figure 81(b). 
However, in this case the contribution of the v /2 and yi/ 2
fluctuations has increased at the centre of the secondary
circulation, a result due to the enhanced mixing process associated 
with the increased strength of the horseshoe vortex in this region, 
Figure 75(b).
With the onset of a distorted streamwise vortex shedding mechanism in 
the wake at the centre of the donwstream cylinder, when the member 
spacing is three diameters, L = 3D, the distribution of kinetic 
energy, Figure 85(c), continues to be dominated by the longitudinal 
turbulence field, Figure 83(b). In addition, the contribution of the
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v/2 and w /2 fluctuations remains significant, and this reflects the 
fluid motion associated with the secondary circulation located away 
from the centre of the node, Figure 77(b).
The corresponding distributions of turbulent kinetic energy in the 
wake of the square bars are presented in Figures 86(a), (b) and (c), 
for L = ID, 2D, and 3D respectively. These also show contour 
patterns which indicate that the longitudinal fluctuations dominate 
the turbulence field at two section depths downstream of each 
configuration, X = 2D. When the member spacing is one and two 
section depths, Figures 86 (a) and (b), the contour patterns are, in 
general, very similar to the longitudinal turbulence distributions of 
Figures 80(b) and 82(b). The most significant differences occur in 
proximity to the centre of the horseshoe vortex, and the similarity 
in the numerical values show that the contribution to the energy 
levels of the v/2 and w /2 components is about half that of the w'2 
component. However, although the distribution continues to be 
dominated by the u-component fluctuations at a member spacing of 
three section depths, L = 3D, Figures 86(c), the contribution of v/2 
and w/2 to the energy levels increases slightly.
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In this chapter, the results of the main experimental study have been 
assessed, and from these it has been possible to determine the nature 
of the fluid motion around perpendicular cylinders and bars immersed 
in a uniform flow. It was ascertained that the distance between the 
members and the section geometry have a significant effect upon the 
flow conditions in the gap at the centre of the configuration, 
together with the fluid motion in the wake, and, therefore, the
characteristics of the turbulence generated by the nodal region.
Two distinct flow patterns were found at the node of each
configuration, separated by a critical member spacing, and the 
general characteristics of these were investigated by the measurement 
of mean surface pressure distributions acting on the individual 
members. The flow conditions in the gap were assessed in detail by 
an examination of mean velocity profiles, turbulence intensities, 
turbulence length scales, and time-domain characteristics of the 
fluid motion. In addition, the comprehensive measurements of the 
near wake mean vorticity, turbulence intensities and turbulent 
kinetic energy distributions were discussed, along with the results 
of spatial correlations, in order to assess the mean flow pattern 
downstream of the configuration and its effect upon the turbulence
field generated by the node.
The following chapter presents the main conclusions of the work, and 
suggests some of the areas in which further investigation would be
beneficial.
5.4 Summary
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CHAPTER SIX
CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER WORK
This chapter describes the main findings of the present investigation 
into the flow of fluid around perpendicular cylinders and bars 
immersed in a uniform airflow. The effect of member spacing has been 
examined in an attempt to identify the complex mechanisms by which 
turbulence is generated in the wake of such configurations, and in 
this respect a critical separation distance of three diameters/ 
section depths has been found. In addition, recommendations are 
given at the end of this chapter which outline some possibilities for 
further work in this field.
The preliminary study corroborated the work of previous authors with 
regard to the characteristics of the flow patterns at the surface of 
intersecting cylinders, and cylinders displaced to form a point of 
contact. A comparison was also made between these regimes and those 
associated with similar configurations composed of perpendicular 
bars. For both section types, it was found that the flow field 
around each member may be divided into an inner region of highly 
disturbed conditions, in proximity to the node of the geometry, and 
an outer region of quasi two-dimensional flow. This division results 
in a spanwise variation of the drag force acting on each member, with 
'local' peak values, below the single element equivalents, located 
away from the centre of the span.
The effects of member spacing upon these two distinct regions was 
examined in the main experimental study and it was found that, 
regardless of section type, the flow regime around the upstream 
member alters significantly when the separation distance is above 
the critical value of three diameters/section depths. In this 
respect, the division of the flow field into two distinct regions 
ceases to apply, and the conditions become quasi two-dimensional at 
all spanwise locations. However, the flow around the downstream 
member remains considerably disturbed within the inner region over 
the whole range of separation distances examined up to ten diameters/ 
section depths.
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The nature of the flow regimes at the centre of the upstream member 
of each perpendicular configuration were assessed in the present work 
and these were found to have general characteristics common to both 
section types. With the members forming a point of contact at the 
node, two separation/reattachment 'bubbles' are established 
symmetrically on each side of the cylinder or bar, and these migrate 
over the surface with increased spacing to become stationary vortex 
'cells' in the gap created at the centre of the geometry. At the 
critical separation distance of three diameters/section depths the 
spacing of the members is sufficient in size to enable vortex 
shedding to occur in the wake of the upstream cylinder or bar, and 
this regime becomes quasi two-dimensional at larger spacings.
The turbulent wake generated by the upstream member was found to have 
a considerable effect on the flow conditions around the centre of the 
downstream span. When the member spacing is three diameters/section 
depths and above, the vortices shed from the upstream member cause a 
disturbance to the surface flow pattern which results in a distortion 
of the vortex shedding mechanism, the interference being more severe 
in the case of the perpendicular square bars. However, at separation 
distances below three diameters/section depths, the recirculation 
cells provide an entrainment of fluid to a horseshoe vortex flow 
pattern which dominates the fluid motion around the central portion 
of the downstream member.
These changes in the flow regime at the node of the perpendicular 
configuration result in a variation of the "local" drag coefficient 
at the centre-line of each span, the relationship between drag and 
separation distance being similar for both section types. With 
regard to the upstream member, this variation is characterized by a 
maximum value in excess of the single element equivalent when the 
spacing is in the range of three to four diameters/section depths. 
Conversely, the drag associated with the flow conditions around the 
downstream member remains below single element values at all the 
spacings examined.
In addition, it has been suggested in the present work that the 
turbulence induced changes in the flow regime around the central
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portion of the downstream cylinder may lead to increased heat
transfer rates in the nodal region of the configuration.
The present work also investigated in detail the flow field 
established in the near wake of non-connecting perpendicular
cylinders and bars. An examination of the distribution of secondary 
vorticity induced by the geometry revealed that the regime is a 
complex combination of trailing vortices, the precise nature of which 
are dependent upon both member spacing and section type. At 
separation distances below the critical value of three diameters/ 
section depths a pair of horseshoe vortices are generated around the 
downstream span, one either side of the centre-line. In the case of 
the circular cylinders, these remain attached to the surface as each 
vortex converges in the wake and are responsible for a total 
suppression of vortex shedding in the nodal region. However, the 
section geometry of the square bar delays the convergence process 
until further downstream and, therefore, vortex formation was found 
at the centre of the downstream span. In addition to the horseshoe 
vortices, a longitudinal trailing vortex is generated in each 
quadrant of the configuration at the rear of the upstream member.
This is positioned at a spanwise location away from the node, and is 
of a similar character with regard to both section types.
When the member spacing is three diameters/section depths, a
significant reduction in the strength of the secondary flow regime 
was found in the wake of the perpendicular cylinders and bars. In 
this respect, the trailing vortex associated with the upstream member 
decays to a negligible vorticity level before reaching the immediate 
wake of the configuration, and the horseshoe vortex at the centre of 
the downstream span is replaced with a weaker secondary circulation 
located at a spanwise position away from the node. The latter regime 
dominates the wake for increased separation distances over the range 
examined.
The characteristics of the turbulence field generated by these 
distinct flow regimes was examined extensively in the present work. 
At separation distances below the critical value of three
diameters/section depths, the distribution of longitudinal turbulence 
intensities in the lateral plane was found to be influenced to a
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large degree by the geometry of the configuration. This is 
particularly evident in the immediate wake, where contours of 
equivalent intensity are generally aligned parallel to each member. 
The maximum intensities in each quadrant are located at positions 
corresponding to the vortex centres, and at two diameters/section 
depths downstream of the node. These values are below those 
associated with corresponding locations in the wake of single 
elements.
The decrease in the influence of the secondary flow field in the wake 
at a member spacing of three diameters/section depths results in a 
significant decrease in the influence of the perpendicular geometry 
on the distribution of longitudinal turbulence intensities. Instead, 
the flow regime associated with streamwise vortex shedding from the 
downstream member dominates the turbulence field, and consequently 
the peak intensities are of a similar order to those found in the 
wake of a single member.
An examination of the turbulent kinetic energy in the immediate wake 
of the perpendicul ar cylinders and bars revealed that the 
distribution of this quantity in the lateral plane is dominated by 
the longitudinal turbulence intensities. In this respect, the spread 
of energy displays similar characteristics to the distribution of 
longitudinal turbulence, and the combined contribution of the 
secondary fluctuations, v/2 and w /2 was found to be, in general, 
approximately half that of the streamwise fluctuation, u/2.
Although the current study has been extensive, there remains 
considerable scope for further investigation of the flow of fluid 
around perpendicular configurations composed of non-connecting 
members. With regard to the current models, the measurements of mean 
surface pressure could be usefully extended at each member spacing to 
provide details of the spanwise variation of the drag coefficient. 
This would enable an evaluation of the distribution of wind loading 
on each of the perpendicular members, and an assessment of the 
magnitude of any forces in excess of those associated with single 
elements. In addition, from the view point of building aerodynamics, 
the dynamic response of each member to the flow patterns created in 
the gap could be examined by arranging the models in a suitable test 
rig.
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The results of this study have suggested that the heat transfer 
rates at the surface of the downstream member of the perpendicular 
cylinders may be increased by the effects of turbulence generated in 
the wake of the upstream element. The next logical step in this 
field would be to determine, by experiment, the Nusselt number 
variation in an attempt to identify a maximum value that may occur at 
a low gap width, and to evaluate the lateral extent of such an 
increase. This would provide details of the optimum tube and node 
spacing for the use of perpendicular geometries in heat exchangers.
Of fundamental interest would be an investigation into the effect 
upon the mechanisms of turbulence generation identified in the 
current study of changes in basic parameters such as the Reynolds 
number, freestream turbulence level, and surface roughness of each 
model.
Finally, the investigation could be expanded by incorporating other 
section types that commonly occur in engineering applications, for 
example, flat plates or triangular geometries, and to consider 
configurations in which the members are not perpendicular to each 
other, or in which there are more than one nodal point.
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Plate 1 Scaffolding Collapse caused by Wind Loading, Guildford 
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Plate 2 Wind Tunnel used in the Present Work.
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Figure 18: Yaw response of a standard pulsed-wire probe
(after Savory (1984))
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Figure 23: Spanwise base pressure distribution on a single
arm of the intersecting cylinders
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Figure 24: Circumferential pressure distributions at spanwise locations
on a single arm of the intersecting cylinders
Cpb
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Figure 25: Spanwise base pressure distribution on a single
arm of the intersecting bars
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Figure 26: Circumferential pressure distribution at spanwise
locations on a single arm of the intersecting bars
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Figure 27: Spanwise base pressure distributions on the perpendicular
cylinders forming a point of contact at the centre of the
configuration
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Figure 28: Circumferential pressure distributions at spanwise locations
on the upstream member of the perpendicular cylinders 
forming a point of contact
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Figure 29: Circumferential pressure distributions at spanwise locations
on the downstream member of the perpendicular cylinders
forming a point of contact
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Figure 30: Spanwise base pressure distributions on the perpendicular
bars forming a plane of contact at the centre of the
-1*2
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Figure 31: Circumferential pressure distributions at spanwise locations
on the upstream member of the perpendicular bars forming 
a plane of contact
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Figure 32: Circumferential pressure distributions at spanwise locations
on the downstream member of the perpendicular bars forming 
a plane of contact
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Figure 33: Spanwise base pressure distribution on the upstream
cylinder for member spacings; 1< L/D < 10
-  1-5-J
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Figure 34: Circumferential pressure distributions at Y = 1QD on the
upstream cylinder for member spacings; 1 A  L/D ^  10
Cp
Figure 35: Spanwise stagnation pressure distributions on the downstream
cylinder for member spacings; 1 ^  L/D^ 10
Cpb
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Figure 36: Spanwise base pressure distributions on the downstream
cylinder for member spacings; 1 ^ L/D^ 10
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Figure 37: Circumferential pressure distributions at Z = 10D on the
downstream cylinder for member spacings; 1 < L/D 10
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Figure 38: Spanwise base pressure distributions on the upstream
bar for member spacings; 1< L/D 10
Cp
Figure 39: Spanwise stagnation pressure distributions on the
downstream bar for member spacings; 1 c L/D^ 10
Cpb
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Figure 40: Spanwise base pressure distributions on the downstream
L/D ;B l ,n 1 .5 ,v 2 ,v2 *5 ,  a 3 , a 4 , * 5 ,  010 .
© Single Cylinder
Figure 41: Circumferential pressure distributions around the centre-line
(Y = OP) of the upstream cylinder for member spacings 1 ^ L/D ^  10
Cp
Figure 42: Variation of the principal pressure coefficients -at
the centre of the downstream cylinder for member 
spacings; 1 ^ L/D .< 10
JL/D ;b 1,d 1*5,t 2 , v 2 ' 5 , a 3 , a 4 , + 5,  0 1 0 .
© Single Cylinder
Figure 43: Circumferential pressure distributions around the centre-line
(Z = OP) of the downstream cylinder for member spacings; 1 / L/D^ 10
 Cps 5 Single cylinder
o CD1 , Upstream member
°  CD2 5 Downstream member
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Figure 44- Variation of the local drag coefficient at the
centre of both perpendicular cylinders for member
spacings; 1 ^ L/D ^  10
Cp
L/P ; a 1 , n1*5 , y  2 , v  2-5, a 3 ,  a  4 ,  + 5 ,  O10 .
© Single Bar
Figure 45: Circumferential pressure distributions around the
centre-line (Y = OP) of the upstream bar for member
spacings; 1 ^ L/D<< 10
Cp
Figure 46: Variation of the principal pressure coefficients at
the centre of the downstream bar for member
spacings; 1 ^ L/d4 10
Cp
LTD; *1 ; o 1-5 , r  2, v  2-5, a 3 , a 4 , + 5, 010. 
0  Single Bar
Figure 47: Circumferential pressure distributions around the centre-line
(Z = OP) of the downstream bar for member spacings; 1 < L/D ^  10
1 3 5 7  10 LI D
i Figure 48: Variation of the local drag coefficients at the centre
of both perpendicular bars for member spacings; 1 ^ L/D<? 10
-2 D - 1 D 0
(a) Mean velocity profile
(b) Turbulence intensity profile
figure 49: Mean velocity and turbulence intensity profiles recorded in the
gap (Y = OP) between the perpendicular cylinder for a member
spacing of L = 2D
(a) Mean velocity profile
u"
U 0
(b) Turbulence intensity profile
Figure 50: Mean velocity and turbulence intensity profiles recorded
in the gap (Y = 0D) between the perpendicular bars for a
member spacing of L = 2D
(a) Cylinders
(b) Bars
Figure 51:. Mean velocity profiles recorded in the gap (Y = OP) between 
the perpendicular, cylinders and bars for a member 
spacing of L = 3D
(a) Cylinders
O Single Bar 
O L=3D
u,
(b) Bars
-3D
Figure 52: Turbulence intensity profiles recorded in the gap (Y = 0)
between the perpendicular cylinders and bars for a member
spacing of L = 3D
X
k
♦Figure 53: Spectral energy distributions recorded in the gap (Y = OP)
between the perpendicular bars for member spacings; 2 ^  L/D^ 10
St
0*15-1
0 * 12 -
0*09-
0*06-
Figure
Hz
— j---- j----- j--- ,----- [----[----- 1-----1---- 1
2 3 4 5 6 7 8 9 10 L/D
54: Variation of the dominant frequency associated with the
fluid motion in the gap (Y = OP) between the perpendicular
bars for member spacings; 2 ^ L/D ^  10
<t>
Figure 55: Variation of the peak spectral energy associated
with the fluid motion in the gap (Y = OP) between
the perpendicular bars for member spacings; 2 ^ L / D < 1 0
S t Hz
Figure 56: Variation of the dominant frequency associated with
the fluid motion in the gap (Y = OP) between the 
perpendicular cylinders for member spacings; 24 L/D 10
<f>
1*2-j
Single Cylinder
Figure 57: Variation of the peak spectral energy associated with 
the fluid motion in the gap (Y = 0D) between the
perpendicular cylinders for member spacings; 2 ^ L/D^ 10
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Figure 59: Streamwise spatial correlations recorded in the gap (Y = OP)
between the perpendicular cylinders and bars for member
spacings; 7 <  L/D < 1 5
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Figure 60: Spanwise spatial correlation recorded in the gap between the
perpendicular cylinders and bars for member spacings; 3 < L / D ^ 1 0
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YFigure 71: Distributions of yoriticity in the near wake flow regimes
i
associated with the perpendicular cylinders
Yf
associated with the perpendicular bars
2(b) X = 2D
(c) X = 4D
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Figure 73: Vorticity distributions in the near wake of the perpendicular
cylinders when L = ID. Contours = lOD^/u
—  X' ,q
Y/D
(a) X = ID
(b) X = 2D
(c) X = 4D
Figure 74: Vorticity distributions in the near wake of the perpendicular
bars when L = ID. Contours = 10Dto„/u_—  ______ x q
Y/D
(a) X = ID
(b) X = 2D
(c) X = 4D
Z/D
Z ID
Figure 75. Vorticity distributions in the near wake of the perpendicul ar
cylinders when L = 2D. Contours = 10D^X/Uo
Y/D
(a) X = ID
(b) X = 2D
(c) X = 4D
Z ID
Z/D
Figure 76: Vorticity distributions in the near wake of the perpendicular
bars when L = 2D. Contours = 10Da)v/lL------------------ A 0
Y/D
(a) X = ID
(b) X = 2D
(c): X = 4D
Figure 77: Vorticity distributions in the near wake of the perpendicular
cylinders when L = 3D. Contours = 10Dtov/lL   ---- ---------——. A 0
Y/D
(a) X = ID
(b) X = 2D
(c) X = 4D
Figure 78: Vorticity distributions in the near wake of the perpendicular
bars when L = 3D. Contours = 10Dcok/U0
Y/D
(a) X = ID
(b) X = ZD
(c) X = 4D
Z / D
Figure 79: Longitudinal turbulence intensity distributions in the near
wake of the perpendicular cylinders when L = ID. Contours = u/2/U
CM 
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(a) X = ID
(b) X = 2D
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Figure 80: Longitudinal turbulence intensity distributions in the near
wake of the perpendicular bars when L = ID. Contours = u /2/U2
Y/D
(a) X = ID
(b) X = 2D
(c) X = 4D
Figure 81: Longitudinal turbulence intensity distributions in the near
wake of the perpendicular cylinders when L = 2D. Contours = u/2/U2
Y/D
(a) X = ID
(b) X = 2D
(c) X = 4D
Figure 82: Longitudinal turbulence intensity distributions in the near
wake of the perpendicular bars when L = 2D. Contours = u/2/U2
Y/D
(a) X = ID
(b) X = 2D
(c) X = 4D
Figure 83: Longitudinal turbulence intensity distributions in the near
wake of the perpendicular cylinders when L = 3D. Contours = u'2/U2
Y/D
(a) X = ID
(b) X = 2D
(c) X = 4D
Figure 84; longitudinal turbulence intensity distributions in the near
wake of the perpendicular bars when L = 3D. Contours = u'2 /U2
Y/D
(a) L = ID
(b) L = 2D
(c) L = 3D
Figure 85: Turbulent kinetic energy distributions at X = 2D in the near
wake of the perpendicular cylinders. Contours = K/U*
Y/D
(a) L = ID
(b) L = 2D
(c) L = 3D
Figure 86: Turbulent kinetic energy distributions at X = 2D in the near
wake of-the perpendicular bars. Contours = K/U2
